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A COMPARATIVE STUDY OF TWO NUCLEAR STEEL GRADES WELDED JOINTS

In present work, two nuclear grade steel (P91, P92) are joined using the arc welding process. The welded joints were subjected
to the heat treatment in order to restore the mechanical properties and overcome the heterogeneity across the joints. The weldments
were studied for microstructure evolution and mechanical behavior under different condition of heat treatment. The variation in
mechanical behavior obtained for the welded joints were tried to relate the microstructural evolution. After the normalizing based
heat treatment, homogeneity with negligible ¢ ferrite across the welded joints was observed.
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1. Introduction

In the present days, the fossil fuel is considered as the pri-
mary source of the energy [1]. The need of low pollution emitting
and high temperature operating power plants led the development
of Cr-Mo steel with other alloying element like V, Nb and B [2].
The new class advanced ferritic-martensitic steel is known as the
creep strength enhanced ferritic/martensitic (CSEF/M) steel. The
Cr, Mo and W-rich P9, P91 and P92 steel belong to the family
of the CSEF/M steels [3]. The successful development and their
utilization depend on the weldability. The weldability of the
material plays an important role in selection. Hence, weldability
of these advanced material become a key issue.

The main factors that affect the weldability of nuclear
grade steels are brittle martensitic microstructure, diffusible
hydrogen content and residual stresses [4,5]. The trapped dif-
fusible hydrogen content might be responsible for the hydrogen
induced cracking [6-8]. However, diffusible hydrogen amount
can be controlled by using the low hydrogen welding process
and electrode [9,10]. The martensitic microstructure in weld
fusion zone can also be tempered using the proper heat treat-
ment. The value of residual stresses mainly developed due to
phase transformation and shrinkage and contraction during the
welding [11]. The value of residual stresses is also controlled
by the heat treatment. However, a low amount of diffusible
hydrogen in weld fusion zone or HAZ sometimes combine with

either martensitic microstructure or residual stresses leads to the
catastrophic failure of the welded joints. Hence, it becomes nec-
essary to use the low hydrogen welding process with proper heat
treatment.

The major problem of P91 and P92 steel welded joints are
untempered martensitic microstructure formation, uniformity
in microstructure across the welded joints, soft zone formation
and ¢ ferrite in weld fusion zone [12-14]. The heterogeneity
in mechanical properties across the transverses direction of
the welded joint is also responsible for the poor creep rupture
strength of the joints. The welded joints of these steels most
commonly failed to form the outer zone (boundary line of the
base zone and heat affected zone) during the prolonged service
condition and referred as the Type IV cracking [15-17]. Both P91
and P92 steel have Cr as primary alloying and around 8.5-9.0%
[18,19]. The other alloying elements are V, Nb, W and Mo. The
Mo content is used maximum about 0.50% while W is about
2%. In P91 steel, Mo is used about 1%. In P92 steel, boron (B)
and tungsten (W) shows a great contribution to creep strength
by reducing the coarsening rate of Cr, Mo and W-rich M»;Cq
precipitates during the creep exposure [20].

The heat treatment aspects of P91 welds have been studied
by many of the researcher(s) [21-23]. The primary aim of the
heat treatment is to restore the mechanical properties of the soft
HAZ and provide softening to the untempered martensitic ma-
trix. The heat treatment also improves the creep rupture strength
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of the welded joints by minimizing the heterogeneity across it
[24]. However, ¢ ferrite in fusion zone has reported a negligible
response to heat treatment [25]. The re-austenitizing based tem-
pering (PWNT) of CSEF/M steels are performed by the Pandey
et al. [26] and Manugula et al. [27]. The PWNT treatment was
reported superior as compared to the other conventional heat
treatment in order to get ¢ ferrite free uniform microstructure
along the welded joint. The Charpy toughness in PWNT treat-
ment was observed equal or more than that of the received mate-
rial. Abd El-Salamet al. [28] reported the higher creep rupture
life and elimination of Type IV cracking in P91 welded joints
as a result of the PWNT treatment.

In present work, the P91 and P92 steel plate are joined
separately on same process parameters using the gas tungsten
arc welding (GTAW) process. A detail investigation of the micro-
structure in a different zone of the welded joints was explained
clearly for different heat treatment.

2. Experimental details

The steel plates of dimensions 100 mmx70 mmXx5.5 mm
were machined form normalized and tempered (NT) P91 and
P92 steel blocks. The schematic of heat treatment performed on
P91 and P92 steel plate are depicted in Fig. 1(a). The chemical
composition of both the plates is given in Table 1 [14,23].

The plate was welded separately using the GTAW in pure
argon (99.99%) environment. For both the welded joints the
similar welding process parameters were used. The welding
current and arc voltage and welding speed were 230 A, 14 V and
80 mm/min, respectively. The joint was made without groove

Temperature (°c)

1000 °C; 40 min\

Time (min)

preparation and to make the intimate contact during the butt
welding, plates are surface ground on faces. After the welding,
to soften the welded joint two different heat treatments (PWHTs)
including (a) post weld heat treatment (PWHT) and, (b) post weld
normalizing tempering (PWNT) were performed as per Fig. 1(b).
The PWHT condition has been taken from the earlier reported
research work. For PWHT, the most commonly used process is
tempering at 760°C for 2 h. The similar temperature range and
time has also been recommended in AWS and ASME code for
P91 welded joint. However, in PWNT treatment, there are two
steps and second one (tempering at 760°C for 2h) is similar to
the PWHT. The heating rate was 150 °C/ h during the temper-
ing process and it was 200°C/h during the normalizing. For the
normalizing, the temperature is selected from the previous work
[29-31] The maximum normalizing temperature recommended
for the P91 steel was about 1050°C [32] to get the optimum
microstructure, and mechanical properties. The purpose of the
normalizing is to homogenize the microstructure across the
welded joint and produce untempered lath martensite without
any ferrite patches. Fig. 2 shows the schematic of the various
zone formed in the welded joints.

After the PWHTS, the welded joints subjected to a standard
metallographic technique etched in Vilella’s solution. The opti-
cal and scanning electron microscope was used to investigate
the microstructural behavior of the weldments. The Charpy
impact tests were performed on standard sub-size specimen
(55x10x5 mm?®) at the room temperature and average of three
tests has been reported in results. The notches were made in weld
fusion zone and HAZ in order to calculate the Charpy toughness
of weld fusion zone and HAZ, respectively.

Temperature (°c)

Time (min)

Fig. 1. (a) Schematic diagram for the heat treatment of P91 and P92 steel, (b) schematic diagram used for the post weld heat treatments for P91

and P92 steel welded joints

TABLE 1
Chemical composition of P91 and P92 steel plate (wt. %)
Chemical composition (wt. %)
Element
C Mn Cr Si Mo A% Nb Ni S Ti w Cu Fe
P91 steel 0.12 0.54 8.48 0.28 0.95 0.18 0.05 0.35 0.011 0.012 | <0.001 0.06 Rest
P92 steel 0.11 0.58 9.09 0.48 0.42 0.24 0.07 0.30 0.003 — 1.87 0.03 Rest
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Fig. 2. Schematic diagram of P91 and P92 materials joints with distinct
zone
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3. Results
3.1. Material characterization

The micrograph of P91 and P92 steel shows the typical
tempered martensitic microstructure (Fig. 3). In P91 steel, the
prior austenite grain boundaries (PAGBs) and lath boundaries
were arrested with the coarse molybdenum and chromium-rich
M,;Cq type carbide (Fig. 3(e)) while in P92 steel tungsten, mo-
lybdenum and chromium-rich M»;Cq type (Fig. 3(f)). Fig. 3(a)
and (c) reveals the tempered martensitic microstructure with
distinct PAGBs and lath blocks as indicated by the lines for
both the steels. The coarse PAGs are clearly observed for the

Full Scale 4213 cts Cursor: 0.000

Fig. 3. (a) Micrograph of P91 steel (a) showing PAGBs, lath blocks and precipitates, (b) showing transgranular precipitates; micrograph of P92
steel (c) showing PAGBSs, lath blocks and precipitates, (d) showing transgranular precipitates; EDS spectra of precipitates present at the inter-

granular boundaries for () P91 steel, (f) for P92 steel
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P92 steel. Fig. 3(b) and (d) shows the distribution of the trans-
granular V and Nb-rich fine MX precipitates [24]. The average
grain size was measured 41+10 and 46+12 pm for P91 and P92
steel, respectively using the ImageJ software. The intergranular
coarse M,;Cg precipitates helps to resist the grain sliding while
fine MX precipitates impede the dislocations movement during
prolonged service condition [33-35]. Arivazhagan et al. [29,30]
had observed the positive influence of fine MX precipitates on
Charpy impact toughness of the base metal while negative on
Charpy impact toughness of the welded.

3.2. Microstructure in the as-welded condition

The welding was performed using GTA welding process
without filler metal. The higher heat input results in the alter-
ing of the base metal microstructure and carbide precipitate
free grain boundaries are formed in the fusion zone (FZ). The
as-welded microstructure for the P91 and P92 welded joint is
shown in Fig. 4. In FZ of P91 welded joints, a fewer amount
of ¢ ferrite zone is formed within untempered martensite laths

(Fig. 4(a-b)). However, density and size of the ferrite patches near
fusion boundary was high than that of fusion zone (Fig. 4(c)).
The similar observation has also been made by Sam et al. [36].
The coarse-grained HAZ that experienced maximum temperature
among the HAZs also shows the J ferrite formation (Fig. 4(d)).
The complete dissolution of the M,;Cg precipitates in CGHAZ
results in the formation of coarse PAGs. The precipitates along
the grain boundaries help to resist the movement of it during
heat exposure. The coarsening of the precipitates or dissolu-
tion of the precipitates leads to the formation of coarse grains
as boundaries become free form the pinning effect of precipi-
tates. In fine-grained HAZ (Fig. 4(e)), low peak temperature as
compared to CGHAZ is not enough to dissolve all the coarse
M,;Cg precipitates and results in the formation of fine PAGs
with some undissolved precipitates that confirmed form the
SEM micrograph.

In P92 welded joints, a completely different microstructure
is formed for similar welding process and parameters as a result
of differences in chemical composition. The FZ of P92 welded
joints shows the higher number density of ¢ ferrite at a differ-
ent location. The ¢ ferrite of different shape and morphology is

Fig. 4. Optical micrograph of P91 welded joints in as-welded condition (a) fusion zone, (b) fusion zone with J ferrite, (c) fusion boundary, (d)
CGHAZ, (¢) FGHAZ; micrograph of P92 welded joints, (f) fusion zone (g) CGHAZ, (h FGHAZ



clearly seen in Fig. 4(f). Along the weld interface, the number
density of J ferrite is observed higher as compared to FZ. The
CGHAZ also shows the presence of ¢ ferrite with coarse PAGs
(Fig. 4(g)). The nucleation of ¢ ferrite is generally noticed at
the PAGBs and it occurred mainly due to the higher density of
ferrite stabilizer across the PAGBs. For P92 steel, the o ferrite
is also observed in FGHAZ and attributed to presence of W and
Mo in P92 steel composition. The FGHAZ looks similar for
both the welded joints except the 0 ferrite in FGHAZ of P92
welded joints, as shown in Fig. 4(h). The detail morphology of
the ¢ ferrite patches are shown in Fig. 5.

The SEM micrograph of FZ and FGHAZ both the joints are
shown in Fig. 5. The different characteristic of the microstructure
is presented with the arrow of a different color. The FZ of the
P91 welded joint shows the ¢ ferrite, lath blocks, and PAGBs
(Fig. 5(a)). The number density of ¢ ferrite was negligible in
FZ. The columnar morphology is observed clearly. In FGHAZ,
microstructure reveals PAGBs and lath blocks inside the lath
packets with a different orientation. The retailed austenite and
some undissolved coarse precipitates are also observed. In FZ
of P92 welded joint, microstructure reveals the PAGBs, lath
blocks and higher density of ¢ ferrite. The FGHAZ of P92
looks similar to FGHAZ of P91 except for the formation of
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fine PAGs in P92 FGHAZ. In P92 FGHAZ equiaxed laths are
observed (Fig. 5(d)). The welding thermal cycle might be the
cause of carbide precipitate free J ferrite region in FZ of P91
and P92 welded joint.

3.3. Microstructure after the heat treatments

The weld thermal cycle alters the composition of base metal
and leads the heterogeneous microstructure formation across the
welded joint. To overcome the effect of welding cycle and to
get the desirable mechanical properties along the welded joint, it
was subjected to the different type of post-weld heat treatments
(PWHTs). Effect of PWHTSs on micrograph of the distinct zone
is shown in Fig. 6.

Micrograph has been taken at a different location of the P91
FZ and it reveals the presence of tempered martensite with some
o ferrite patches, as shown in Fig. 6(a-b). The micrograph of FZ
clearly confirms the negligible response of PWHT to ¢ ferrite.
Fig. 6(d) confirms the higher number density of J ferrite along
the joint interface. The FGHAZ and ICHAZ show the tempered
martensitic structure with columnar lath patches and coarse
precipitates Fig. 6(e-f).
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Fig. 5. Micrograph of the P91 welded joint (a) fusion zone, (b) FGHAZ; P92 welded joint (c) fusion zone, (d) FGHAZ
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Fig. 6. Optical micrograph of P91 welded joints in as-welded condition (a) fusion zone, (b) fusion zone with ¢ ferrite, (c) CGHAZ, (d) fusion
boundary, (e) FGHAZ, (f) ICHAZ; micrograph of P92 welded joints (g) fusion zone, (h) fusion boundary, (i) CGHAZ, (j)FGHAZ, (k) ICHAZ

The P92 welded joint shows the similar response to PWHT
as P91 welded joint and the FZ of P92 welded joint reveals the
higher number density and bigger size of ¢ ferrite (Fig. 6(g)). The
interface of welded joint shows the higher number of ¢ ferrite
having small size as compared to FZ and CGHAZ (Fig. 6(h)).
The CGHAZ shows the coarse PAGs with J ferrite near the
PAGBEs, as shown in Fig. 6(i). The ¢ ferrite is also observed in
FGHAZ but remains absent in ICHAZ (Fig. 6(j-k)). From the
microstructural analysis, it is clear that the both FZ and HAZ
present in P92 welded joint shows the higher tendency of J ferrite
formation. The SEM micrograph has also been taken to confirm
the morphology of ¢ ferrite after the heat treatment.

The FZ and FGHAZ for the P91 welded joint is depicted in
Fig. 7(a) and (b), respectively. The softening occurs after the heat
treatment and FZ is characterized with tempered martensite and
precipitates. The evolution of precipitates leads to the softening
of the matrix as a result of reduction in solid solution hardening.
The FGHAZ shows the equiaxed laths with precipitates both
along and inside the boundaries. In FZ, coarse PAGs are observed
as compared to FGHAZ. The FZ, CGHAZ, and FGHAZ for P92
welded joint are shown in Fig. 7(c), (d) and (e), respectively. The
o ferrite existence is still observed in FZ of the welded joint. The
ferrite zone makes the region enriched with ferrite stabilizing
element like W, Mo and Cr. At the same time the boundaries
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Fig. 7. Micrograph of the P91 welded joint after PWHT (a) FZ, (b) FGHAZ; P92 welded joint (c) FZ, (d) CGHAZ, (¢) FGHAZ

become enriched with C and N as a result of ejection from ferrite
region. That results in higher density of carbide precipitates along
the ¢ ferrite boundary as compared to PAGBs. The ¢ ferrite still
remains the free from carbide precipitates after the PWHT. The
similar observation has also been made by Pandey et al. [37] and
Arivazhagan et al. [38]. The CGHAZ shows the ¢ ferrite region
surrounded with the dotted line (Fig. 7(d)). The ¢ ferrite patches
are observed bigger in size as compared to the FZ. In FGHAZ,
tempered columnar laths are observed as compared to FGHAZ
of P91 welded joint having equiaxed tempered laths.

The micrograph of the distinct zone after the PWNT treat-
ment is shown in Fig. 8. For P91 welded joint, microstructure
reveals the over tempered martensite for the each zone. The
different zone present in the welded joint looks similar. The
austenitizing governs the formation of untempered martensite
with dissolution of precipitates. Tempering of the austenitized
welded joint resulted in formation of tempered lath martensitic
microstructure that looks similar to microstructure of received
material. In P92 welded joint, the distinct zone looks similar
but having coarse grains as compared to P91 welded joint.
Microstructure reveals the tempered martensite with columnar
laths inside the PAGBs. The PWNT treatment results in neg-
ligible microstructure heterogeneity across the P91 and P92
welded joint. The SEM micrograph has been taken to study the
precipitate distribution inside the FZ and HAZ after the PWNT
treatment and shown in Fig. 9.

The normalizing temperature in PWNT process is not
enough to dissolve all the precipitates present across the PAGBs
and they get coarsen during the normalizing process. That results
in formation of coarse precipitates along the PAGBs in PWNT
treatment process. In FGHAZ microstructure looks similar to
the base metal except the precipitate density. In FGHAZ, the
precipitate density is observed to be less than that of base metal

and FZ (Fig. 9(b)). However, the precipitates inside the intra-
lath region still observed with higher number density. The FZ,
CGHAZ and FGHAZ for P92 welded joint look completely
different as compared to P91 welded joint. However, these
zone looks similar for the P92 welded joint with the tempered
martensite and M,;C¢ and MX precipitates. The microstructure
of FZ and CGHAZ looks similar to the P92 base zone except the
coarse grains in FZ and CGHAZ. In FGHAZ, equiaxed tempered
lath martensite with fine PAGs are formed as compared to FZ
and CGHAZ. PWNT treatment was resulted in the dissolution
of the ¢ ferrite.

3.4. Charpy toughness of HAZ

To evaluate the Charpy toughness (CT) of the HAZ, a notch
was made adjacent to the fusion boundary [21]. The CT of the
P91 and P92 base metal were measured 133+6 J and 72+5 J,
respectively. The CT of FZ was measured 7.6+4 J for the P91
welded joint and 2.5£5 J for the P92 welded joint. The CT of
HAZ was measured 98+6 and 60+5 J for P91 and P92 welded
joint. The poor CT of FZ was attributed to untempered martensite
having brittle nature as a result of higher carbon percentage. In
FGHAZ, the CT was higher than that of minimum required value
of 47 J (as per EN 1599:1997). The higher CT of HAZ might be
due to partial dissolution of precipitates and results in formation
of untempered martensite with lower carbon content. Silwal et
al. [39] also reported the higher Charpy toughness for HAZ as
compared to FZ in as-welded condition. The PWHT results in
the significant improvement in the CT value and it was measured
75+5 and 150£8 J for P92 and P91 HAZ, respectively. The CT
of P92 HAZ was measured to nearer of base zone while for P91
HAZ it was much higher than the base zone (133 J). The increase



Fig. 8. Optical micrograph of P91 welded joints in as-welded condition (a) fusion zone, (b) FGHAZ, (c) CGHAZ, (d) ICHAZ; micrograph of
P92 welded joints (e) FZ (f) FGHAZ, (g) FGHAZ, (h)ICHAZ
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in toughness value is attributed to the softening of martensitic
matrix. The PWNT results in a drastic increase in the CT value
for both the welded joint and it was measured 8347 and 160+6 J
for P92 HAZ and P91 HAZ, respectively. For the PWNT treat-
ment, the higher CT of FZ was also observed by the Pandey et
al. [23] for the P91 welded pipe.

4. Discussion

During the solidification or cooling, initially the J ferrite
phase with BCC structure was nucleated from the liquid. On fur-
ther cooling, the diffusive transformation results in the formation
of austenite (FCC) from the J ferrite (BCC). The formation of
o ferrite at high temperature is governed by the ferrite stabilizing
element. At slow cooling rate, generally o ferrite transformed
completely into austenite at Cr concentration about 9%[40]. In
P91 and P92 steel welds, NT treatment results in the homogene-
ous distribution of the Cr in to the matrix. The accumulation of
Cr in the matrix about 11.76 wt.% leads o ferrite content [40].
In HAZ of P91 steel, the lower content of ferrite stabilizer as
compared to P92 HAZ that might be cause of formation of du-
plex structure of a-BCC and 6-BCC in P92 HAZ. The negative
influence of ¢ ferrite on creep rupture strength was reported in
earlier research [41-43]. Liu et al. [44] had also reported the
higher concentration of the carbide precipitates along the ¢ fer-
rite boundaries. The precipitates along boundaries are considered
as the undissolved precipitates of base metal during the weld
thermal cycle. The precipitates along the boundaries get coarsen
during the PWHT and prolonged creep exposure condition. The
coarsening of ¢ ferrite grains might be the cause of local stress
concentration that results in the increase in nucleation sites for
creep cavities[40]. To enhance the creep rupture properties and
eliminate the ¢ ferrite, PWHT was conducted but it remains unaf-
fected [25]. In order to get the o ferrite free welded joint, PWNT

Fig. 9. Micrograph of the P91 welded joint after PWNT (a) FZ, (b) FGHAZ; P92 welded joint (c) FZ, (d) CGHAZ, (¢) FGHAZ

treatment was conducted and confirms the formation of ¢ ferrite
free welded joint as shown in SEM and optical micrograph. Wang
et al. [40] had suggested the heat treatment before the welding
process to avoid the J ferrite. Anderko et al. [45] reported the
negative influence of higher J ferrite on the impact properties.
The formation of ¢ ferrite also results in poor hardness of the
FZ. Pandey et al. [12] concluded that the formation of 0 ferrite
leads the microstructure heterogeneity in FZ. The CT of the P91
and P92 FZ and HAZ had already discussed by the researchers.
Silwal et al. [39] had stated that the PWHT is sufficient to get
the required CT value in HAZ. However, for the FZ it becomes
necessary to increase the time duration of PWHT or temperature.
Schafer [46] stated that the higher Cr content in P91 and P92
steel is mainly responsible for the formation of ¢ ferrite and it
also leads to the formation of dendritic carbides. The soft ¢ ferrite
mainly increased the ductility and toughness of the welded joint.
However, the combined effect of ¢ ferrite and dendritic carbide
results in the reduction of strength. In present case, the other fac-
tor that affects the formation of the J ferrite is cooling rate. Sam
etal. [36] had also stated that the formation of J ferrite in welded
joint is governed by the chemical composition and cooling rate.

4. Conclusions

The P91 and P92 steel welded joint shows the completely
different microstructural characteristic and CT value for the heat
affected zone (HAZ). The heterogeneous microstructure across
the P91 and P92 welded joint were studied in details. The P92
steel showed the higher tendency of the J ferrite formation in
fusion zone (FZ), near the fusion boundary and coarse-grained
HAZ (CGHAZ). In P91 steel welded joint, the negligible number
density of the ¢ ferrite is observed in FZ and CGHAZ while it was
higher near the fusion boundary. The PWHT results in softening
of the martensite matrix while ¢ ferrite zone did not respond to
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PWHT and distinguished as the carbide precipitate free region.
The PWHT overcome the microstructure heterogeneity across
the welded joint while it still remains. The homogeneous mi-
crostructure is obtained for the P91 and P92 welded joint after
the post weld normalizing tempering treatment (PWNT). In
as-welded condition, the poor CT was observed for the HAZ
while it was still higher than the minimum required value. The
PWHT results in enhanced value of CT as a result of softening
of the martensite. The maximum CT of HAZ was obtained for
the PWNT treatment for both the welded joint.
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