Metallophysics and Advanced Technologies © 2024 G.V.Kurdyumov Institute for Metal Physics,

Memanoi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2024, vol. 46, No. 5, pp. 431-452 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.46.05.0431 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 06.60.Vz, 68.37.Yz, 78.70.En, 81.20.Vj, 81.40.Ef, 81.40.Lm, 81.70.Bt

Study on Normalizing and Tempering Treatment Regime
of Homogenization of P92 Weldments

V. K. Pal and L. P. Singh

Department of Mechanical Engineering,
Sam Higginbottom University of Agriculture, Technology and Sciences Allahabad,
IN-211007 Uttar Pradesh, India

The present research work describes the effect of normalizing and tempering
(N&T) treatment on microstructure evolution in various zones of gas tung-
sten arc-welded (GTAW) P92 pipe weldments. For N&T treatment, P92 pipe
weldments are subjected to various normalizing (950-1150°C) and tempering
(730-800°C) temperatures. The effect of varying heat treatment on tensile
properties and hardness of P92 pipe weldments are studied for V-groove and
narrow-groove weld designs. The effect of increase in normalizing tempera-
ture (at fixed tempering temperature) results in increase in strength and
hardness, while increase in tempering temperature (at fixed normalizing
temperature) results in the decrease in strength and hardness of P92 steel
weldments. Creep strength-enhanced ferritic/martensitic P92 steel is con-
sidered as a candidate material for the reactor pressure vessels and reactor
internals of Very High Temperature Reactor (VHTR). The heterogeneous mi-
crostructure formation across the P92 weldments leads to premature Type
IV cracking and makes the weldability of P92 steel as a serious issue. The bet-
ter combination of strength, ductility and microstructure are obtained for
the maximum normalizing temperature of 1050°C and tempering tempera-
ture of 760°C. The effect of increase in normalizing temperature (at fixed
tempering temperature) results in increase in strength and hardness, while
increase in tempering temperature (at fixed normalizing temperature) re-
sults in the decrease in strength and hardness of P92 steel weldments.
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Y mi#i mocaimHUNBbKi# poboTi ommcaHO BILIMB HOpMAJisallii Ta BimmycKy Ha
€BOJIIOI[iI0 MiKPOCTPYKTYPHU B PisHMX 30HAX 3BapHUX 3’enHaHb Tpyd P92, 3Ba-
peHUX razoBoJb(GPAMOBUM AYyTOBUM 3BaploBaHHAM. [[1a mopmanisanii Ta Bix-
IIycKy 3BapHi 3’exHanasa Tpyd P92 nignasanm pisHmM TeMiepaTypam HOpMaJIi-
zarrii (950-1150°C) ra Biznycky (730-800°C). Buius pisHOro TepMiuHOoro 006-
poOJieHHS Ha PO3PUBHI BJIACTUBOCTI Ta TBEPZiCTh 3BapHUX IIBiB TPyO P92 BU-
BUaJu Ay V-ToAiOHUX i By3bKOKaHABOUHUX 3BapHUX IBiB. IligBuIenusa Te-
MIIepaTypu HopMmaJisaii (3a ¢ikcoBaHOI TeMIIEPATYPU BiAIIYCKY) IPUBEJIO JO
30iIBINIEHHSA MIiITHOCTY Ta TBEPAOCTHU, TOHAI AK IMOHMKEHHS TeMIIepaTypu! Bin-
mycKy (3a ¢ikcoBaHOI TeMIepaTypu HOPMAaJidallil) IPU3BEJIO A0 3MEHITIeHHA
MIITHOCTH Ta TBEPAOCTM 3BapHUX 3’eAHaHb i3 Kpumi P92. ®epurHo-
MapTeHcuTHA Kpullsg P92 3 migBuIieHoo MiIHICTIO Ha MIa3ydicTh PO3TJIsaaa-
€ThCA K MaTepidAJ-KaHAWAAT OJA KOPIIYCiB peaKTopa Ta BHYTPIIIHIX YacTUH
HagBucokoremmeparypHoro peaktopa (HBTP). Heoxmopingma MiKpoCcTpyKTY-
pa, II10 YTBOPIOETHCA Y 3BAPHUX IIBaX i3 Kpuili P92, mpusBoguTts 10 nepemguac-
HOTO po3TpickyBaHHA IV Tuny Ta podbuts 3BaproBaHicTs Kpuii P92 cepiiozHoro
mpobsemoro. Hatirimnie moefHaAHHA MilTHOCTH, MJIACTUUYHOCTHU Ta MiKPOCTPYK-
Typu 0yJIO OZlepPKaHO 3a MaKCUMAaJbHOI TeMIepaTypu HopMmasisalii y 1050°C
Ta Temneparypu Bignycky y 760°C. EdexT minBuienna remMnepaTypu HopMa-
gisarii (3a hikcoBaHOI TeMIepaTypu BifIlyCKy) OIPU3BiB 40 30iNMbIIIEHHSA MiIl-
HOCTHU Ta TBEPIOCTHU, TOAi AK IiABUINEHHA TeMIepaTypu BiamycKy (3a gikco-
BaHOI TeMIlepaTypu HOpMaizaiii) npusBeso g0 3MEeHIIIEHHA MIiITHOCTH Ta TBe-
pAocTu 3BapHUX 3’e€qHaHb i3 KpuIi P92.

Karouosi cioBa: HOpMastizanisa, Bignyck, P92-tpy6bui 3BapHi BUpobM, MiKpo-
CTPYKTYpa, MeXaHiuHi BJaCTUBOCTi.

(Received 7 August 2023; in final version, 5 October 2023 )

1. INTRODUCTION

P92 steel processed tempered martensitic microstructure obtained by
normalizing and tempering treatment (N&T). Normalizing of P91
steel is generally carried out in the austenitizing temperature range of
1040-1060°C for 20-40 min, followed by air-cooling. The subsequent
tempering is performed in the temperature range of 730-780°C for
1-2 h, followed by air-cooling. The strength of P92 steel is primarily
derived from its stable microstructure. The stability of microstructure
is governed by the tempered martensitic lath structure, sub-grain size,
prior-austenite grain boundaries (PAGBs), lath width, lath bounda-
ries, precipitate size and their distribution inside the structure, dislo-
cation density, precipitate morphology and their amount [1]. Very
High Temperature Reactor (VHTR), Sodium cooled fast reactors
(SFRs) are being developed to fulfil the growing energy demand with a
view to greater reliability, safety, economy and lesser environmental
pollution [2, 3]. 9% Cr CSEF/M steels development started from last
few decades, starting from plain 9Cr-1Mo (P9), modified 9Cr—-1Mo
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(P91) and P92 steel. P91 steel is next version of plain 9Cr—-1Mo steel,
which was developed in Oak-Ridge National Laboratory (ORNL) by
modifying the chemical composition of P9 steel [4, 5]. P92 steel was
developed by adding the strong carbide and carbonitride former ele-
ment such as 0.2 wt.% vanadium, 0.08 wt.% niobium, and 0.05 wt.%
nitrogen. El-Azim et al. [6] performed a comparative study on creep
behaviour of P91 steel joint and base metal. The creep strength of base
metal was observed to be superior to weld joint at higher creep expo-
sure temperature about 650°C while at a lower temperature about
600°C, it approached to creep strength of the base metal. Fracture lo-
cation was observed in the base metal near to HAZ for short-term creep
exposure (426 h) at 600°C and high applied stress of 150 MPa. The low-
er applied stress for same applied temperature was resulted in shifting
of fracture location and type IV fracture occurred in FGHAZ of the
weld joint. Laha et al.[7] reported the soft zone formation in IC-HAZ of
P91 joint and type IV fracture was associated with IC-HAZ. Maruyama
et al. [8] reported that the precipitate remains undissolved are mainly
TypeI NbX. The undissolved precipitates limit the austenitic grain
growth during normalizing treatment. The undissolved MX precipi-
tates provide the pinning effect to grain boundaries and produce a fi-
ne-grained structure during normalizing. The modified Z-phase comes
out after long-term exposure at a temperature about 600-700°C [9].
The dissolution temperature of modified Z-phase was reported about
800°C which is much lower than the solution temperature of original
Z-phase (1200-1250°C) [9]. The heating of creep exposure steel above
800°C resulted in the formation of MX nitride from the Z-phase [10].
Abd El-Salam et al. [11] had incorporated the effect of normaliz-
ing/tempering (N&T) treatment on microstructure homogenization of
shielded metal arc welded P91 joint and compared it with subsequent
PWHT. For N&T treatment, the optimum degree of hominization was
observed along the weldments that were attributed due to the recrys-
tallization effect during the normalizing. Manugula et al. [12] had per-
formed the N&T and subsequent PWHT for electron-beam welded re-
duced activated ferritic—martensitic steel. The weld was produced with
poor toughness and high hardness due to the presence of d-ferrite in
the martensitic microstructure. Subsequent PWHT resulted in signif-
icant reduction in hardness of weld fusion zone but the heterogeneous
distribution of hardness across the weldments was still present with 8-
ferrite. Albert et al. [13] have also studied the effect of PWHT dura-
tion on type IV cracking nature in P122 weld joints. The creep test was
performed at 650°C for 70 MPa. PWHT duration was varied from
15 min to 4 h, but no any significant change was observed in creep rup-
ture time and fracture behaviour. In all the cases, type IV fracture was
observed. Sawada et al. [14] have studied the cross-weld long-term
creep behaviour of E911 joint at 600°C. The fracture was noticed in
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soft FGHAZ. The growth of M23;Cs in FGHAZ was observed faster than
the base metal. The Z-phase formation was observed both in FGHAZ and
base metal FGHAZ exhibited higher number density of Z-phase than the
base metal. For long-term creep exposure at the low level of stress, creep
life was observed to be minimum in FGHAZ[15].

A systematic study of different normalizing and tempering temper-
ature combination that leads to the optimum combination of mechani-
cal properties and microstructure stability, considering the necessity
of effect of N&T treatment on microstructure stability and mechanical
properties of P92 steel weldments, efforts are being made to perform.

2. EXPERIMENTAL DETAILS
2.1. Groove Design and Welding Process Parameters

The base metal used for the experiment was P92 pipe with an outer di-
ameter of 60.3 mm and thickness of 11 mm. Gas tungsten arc welding
(GTAW) of P92 pipes was carried out using conventional V-groove and
narrow-groove designs. The conventional V-groove and narrow grove
pipes and weld design is shown in Fig.1, a—c. The conventional V-
groove design used for the weld confirms to Section IX of the ASME
Boiler and Pressure Vessel Code. Initial groove openings for conven-
tional V-groove and narrow-groove were 14.58 and 9.06 mm, respec-
tively (as measured after groove preparation). The conventional V-
grooved and narrow-grooved pipes after the tack welding are shown in
Fig. 2, a. To weld the P92 pipe joints using the GTAW process, a weld-
ing turntable with a rotating three-jaw self-centring chuck was uti-

Fig. 1. (a) and (b) grooved pipe joints with tacking, (c) experimental set-up
with welded pipe joints.
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1.5
All dimensions in

Fig. 2. (a) P92 pipe with conventional and narrow weld-groove design (b) Con-
ventional V-groove and narrow-groove design.

TABLE 1. Chemical composition of P92 pipe, AWSER90S-B9 (9CrMoV-N)
filler wire, and weld metal (wt.%).

Ele- ¢ Iymlor|si|Mo| v Nb|INi|S| Ti | W |culFe
ment
EtZil 0.12 0.54 8.48 0.28 0.95 0.18 0.05 0.350.011 0.012 <0.001 0.06 Rest
Filler o 0.50 8.83 0.30 0.90 0.20 0.06 0.50 0.019 0.001  — —  Rest
metal
Weld
Mioga] O-11 0.52 8.28 0.28 0.87 0.20 0.04 0.440.019 <0.002 <0.001 0.05 Rest

lized. P92 pipes of 150 mm length were multipass welded (eight passes
for conventional V-groove and seven passes for narrow-groove) at 1-
GR position (pipe rolled in flat position), as shown in Fig. 2,b. The
welded pipe joints with experimental set-up are shown in Fig. 2, b.

The AWSER90S-B9 (9CrMoV-N) filler wire with a diameter of 1.6
mm was used for the GTAW purpose. The composition of the as-
received material, filler wire and weld metal are given in Table1.
GTAW parameters for the root pass were 110 A DC and 12 V. For sub-
sequent GTAW passes, the filling parameters are given in Table 2. To
maintain the linear travel speed of 2.11 mm/s during the filling pass, a
motor.controlled fixture was used. The preheat temperature of 250°C
was maintained by using the flame heating and interpass temperature
was selected in the range of 200-250°C. For the shielding purpose,
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TABLE 2. Welding process parameter.

Nos. of | Current | Voltage Travel Current | Voltage Travel
passes (amp) V) speed (amp) V) speed
(mm/sec) (mm/sec)
Conventional V-groove Narrow-groove
Rootpass 105-115 12 1.47 105-115 12 1.47
1 110-115 12-14 2.11 110-115 12-15 2.11
2 120-125 12-15 2.11 110-115 12-15 2.11
3 118-124 14-16 2.11 112-120 14-16 2.11
4 120-123 12-14 2.11 118-124 15-18 2.11
5 110-115 18-20 2.11 118-124 14-18 2.11
6 112-120 14-16 2.11 115-120 14-15 2.11
7 120-125 12-14 2.11 114-118 13-16 2.11
8 120-125 12-15 2.11 - - -

pure argon gas was used with a flow rate of 151/min.

2.2. Heat Treatment of P92 Weldments

After the completion of welding, the weld joints were subjected to
three different heat conditions as per given Table 3 One welded pipe
joint of each groove type (V-groove and narrow groove) was allowed to
cool in air up to room temperature without any heat treatment. The
second one from each groove design was subjected to post-weld heating
before post weld heat treatment (PWHT). Generally, post-weld heating
of P92 weld to 250-300°C for 30 to 60 min followed by air cooling up to
100°C is recommended before PWHT for removing the diffusible hy-
drogen. The cooling is carried out to ensure the formation of complete
martensitic microstructure just before PWHT, as residual austenite
does not respond to the PWHT, which leads to the formation of harm-
ful untempered martensite [16]. After the post-weld heating, subse-
quent PWHT was performed at 760°C for 2 h. The third weld joint was
subjected to conventional normalizing and tempering or post weld
normalizing and tempering (PWNT) heat treatment. The weld joints
were reaustenitized at 1050°C for 40 min and air cooled, then tempered
at 760°C for 2 h, and finally air-cooled. The PWHT was performed to
homogenize the microstructure and remove the quench stresses by
tempering the lath martensite. The PWHT temperature range should
be below than the critical temperature (A.1), which mainly depends on
the fusion zone composition (Ni+Mn content). Newell [17] had also
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TABLE 3. Different heat treatment condition performed just after the weld-
ing for V-groove and narrow groove designs.

P92 pipe weldments Heat treatment condition
1 (as-welded) After welding, allowed to cool in air up to room tempera-
ture
2 (PWHT) After welding, PWHT in range of 250-300°C for 30 to

60 min and then air cooling up to 100°C followed by
PWHT at 760°C for 2 h, followed by air cooling

3 (PWNT) After welding, normalized at 1040°C for 60 min, and
air-cooled and tempered at 760°C for 2 h, followed by air
cooling

suggested that for the large size specimens, the PWHT temperature
should be lower than A.; by 10 to 20°C. Based on the Ni + Mn content in
weld fusion zone, Santella et al. [18] had proposed a mathematical
equation to calculate the A.; temperature.

The equation is given below:

Ac1 (°C)=854-5+0.6 -43.9 + 1x(Mn + Ni) -9 + 0.4x(Mn + Ni)2. (1)

From this equation and Table 1, the A.; temperature was calculated
about 809°C. The PWHT parameter was as per the code recommended
following ASME B31.1—760°C for 2 h.

2.3. Mechanical Testing and Characterization

To study the effect of different heat treatments (as-welded and PWHT)
on yield strength, ultimate tensile strength, and percentage elongation
of P92 steel weld joints, flat tensile test specimen was prepared as per
ASTM A370-14 [19]. The room temperature tensile tests were per-
formed on the vertical tensile testing specimen (Instron: 5982) at the
constant crosshead speed of 1 mm/min. The gauge length and width of
the flat tensile specimen were 50 mm and 11.8 mm, respectively. The
microhardness of welded samples before and after PWHT was meas-
ured by using a Vickers hardness tester at a load of 500 g and dwell
time of 10 s. Cross-sectional samples were prepared from welded pipes
for both the conventional and narrow-groove designs in order to meas-
ure the hardness in various weld zones and base metal. The through-
thickness hardness at the centre of the weld fusion zone was measured.
Furthermore, the hardness was also measured across the welds at 4 mm
below the weld reinforcement outer surface.

For both the through the thickness and across the weld hardness
measurements, indented points were located along a straight line at
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Fig. 3. Macrostructure of impact toughness specimens showing (a) weld zone,
FGHAZ zone, base-HAZ boundary, fusion zone boundary, (b)) CGHAZ bounda-
ry and CGHAZ zone, and (c) a notch adjacent to fusion boundary.

1 mm intervals. To study the impact toughness of P92 base metal in
different operating temperature conditions, flat samples of 7.5 mm
thickness were prepared from the pipe. Standard sub-size Charpy im-
pact V-notch specimens (55x10x7.5 mm?3) were prepared according to
ASTM A370-14 [19]. Charpy toughness tests were performed in the
temperature range of 25-1000°C. For each test, three samples were
prepared and an average of three test results has been reported.

To study the Charpy toughness of HAZ, notches were prepared in
the HAZ of both conventional V-groove and narrow-groove-welded
joints. Weld samples were polished using emery paper up to grit size
600 and then etched with Nital solution (10% nitric acid in methanol)
to reveal the fusion boundary, which served as the location for prepa-
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TABLE 4. Different operating condition to evaluate the impact toughness of
HAZ of P92 steel weldment.

S. No. Conventional V-groove Narrow groove

1 Charpy test at room temperature Charpy test at room temperature

2 Hot Charpy test at 760°C Hot Charpy test at 760°C
3 Charpy test at room temperature Charpy test at room temperature
after PWHT at 760°C for 2 h after PWHT at 760°C for 2 h
4 Hot Charpy test at 760°C after Hot Charpy test at 760°C after
PWHT at 760°C for 2 h PWHT at 760°C for 2 h

ration of notches as shown in Fig. 3. The different operating condi-
tions considered for Charpy toughness testing of HAZ of P92 steel
weldments are stated in Table 4. Charpy toughness tests were also con-
ducted to study the effect of post-weld heating at 280°C for 40 min and
60 min just after welding on the impact toughness of P91 weld fusion
zone and HAZ. To study the effect of subsequent PWHT and PWNT
heat treatment on tensile properties of different weld groove designs,
round subsize tensile-test specimens were prepared as per to ASTM ES8-
E8M-13a[20] standards with a gauge diameter of 6 mm.

3. RESULTS
3.1. As-Received Materials and Microstructure

The microstructure of weld fusion zone and FGHAZ in as welded condi-
tion are presented in Fig. 4, a, b. The weld fusion zone is characterized
with columnar laths in packets form with similar spatial orientation
inside the PAGBs with almost negligible precipitates, as shown in
Fig. 4, a. The precipitates are dissolved at such high temperature and
increase the carbon (C) percentage in martensite that makes it brittle
with high strength and poor toughness. The heterogeneous micro-
structure mainly occurred among weld fusion zone, ICHAZ and
FGHAZ. In P92 weldments, it is quite difficult to distinguish the
FGHAZ and IC-HAZ. The most common type IV failure of P92 weld-
ments are initiated from FGHAZ or IC-HAZ because of soft zone (low
hardness). The FGHAZ are partially austenitized during weld thermal
cycle because of low temperature as compared to weld fusion zone and
CGHAZ. FGHAZ shows a complex structure of newly formed grain and
existing grains with coarse undissolved M:3Cs precipitates, as shown in
Fig. 4, b.

After the PWHT, secondary electron micrograph of weld fusion
zone and FGHAZ are shown in Fig. 4, ¢, d.
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In weld fusion zone, a number of particles re-precipitated along the
boundaries and inside the matrix region. The columnar laths mainly
braked into equiaxed lath and tempered martensitic microstructure
along with precipitates have been observed. The size of lath width was
measured in the range of 3.74-4.68 ym, as shown in Fig. 4, c¢. The grain
coarsening was clearly noticed in the FGHAZ after the PWHT. After

Fig. 4. Microstructure of weld fusion zone and FGHAZ in as-welded condition
(a) and (b); microstructure after the PWHT for weld fusion zone and FAHAZ
(c) and (d).

[ As-received P92 As-welded condition

FGHAZ

Weld fusion
zZone

Fig. 5. Characteristic of microstructure in weld zone and FGHAZ in as-welded
and PWHT condition.



STUDY ON NORMALIZING AND TEMPERING TREATMENT REGIME 441

P92 Weldments
(CGHAZ, FGHAZ, ICHAZ, —» e
‘Weld zone, Base metal)
e« Fine M, C

= Coarse i\“a GC Normalizing
* Fine MX "~ °

Fig. 6. Schematic of microstructure evolution in subzone of P92 weldments
during PWNT treatment.

Prior austenite 1
grain boundary

Lath boundaries < MG,

Packet boundaries

Fig. 7. Schematic evolution of M23Cs and MX precipitates.

PWHT, coarse undissolved M23Cs and newly developed fine MX and
M33Cs precipitates are observed in FGHAZ. The PWHT results in the
tempered martensitic structure formation with coarse and fine precipi-
tates along the boundaries and grain interior region.

The schematic diagram showing the microstructure evolution in
as-welded and PWHT state of weld fusion zone and FGHAZ is de-
picted in Fig. 5.

After the study of the effect of PWHT, an attempt has been made to
perform a comparative study between subsequent PWHT and PWNT
heat treatment. In normalizing condition, various zones can be treated
as the normalized base metal. Tempering after the normalizing results
in the evolution of precipitates along the PAGBs, lath boundaries,
packets and inside the intralath region. The subzone of P92 weldments
can be treated as the virgin P92 steel.

Schematic of PWNT treatment process and their effect on micro-
structure evolution is shown in Fig. 6. The study was related to the ef-
fect of PWNT heat treatment on microstructure evolution, residual
hardness, Charpy toughness and tensile properties of P92 weldment
and these results were compared to that of subcritical PWHT.
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Fig. 8. Optical micrographs of weld fusion zone for different normalized and
tempered conditions (a) 950°C/730°C, (b) 950°C/760°C, (c) 950°C/800°C, (d)
1050°C/730°C, (e) 1050°C/760°C, (f) 1050°C/800°C, (g) 1150°C/730°C, (k)
1150°C/760°C, (i) 1150°C/800°C.

Figure 7 shows the schematic diagram of PAGBs, lath boundaries,
packet boundaries, lath blocks and precipitates evolution along the
boundaries and lath blocks. From Fig. 7, it is clear that the coarse
M3sCs precipitates are formed along the PAGBS and lath boundaries
while MX precipitates inside the intra-lath region. Hence, area frac-
tion of precipitates mainly depends on the availability of grain bound-
aries in the microstructure.

3.2. Microstructure Evolution in Weld Zone and FGHAZ for Varying
PWNT Conditions

The microstructure of weld fusion zone for different normalized and
tempered condition is depicted in Fig. 8, a—i. The bulged grain bounda-
ry at low tempering temperature and straight boundary at higher tem-
pering temperature are shown in Fig. 8, and Fig. 8, i. For higher
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normalizing and lower tempering temperature, less fraction area of
precipitates makes the grain boundaries free from pinning effect that
resulted in bulging of the grain boundary. For lower normalizing and
higher tempering temperature, the availability of a large number of
grain boundaries led to higher fraction area of precipitates. This re-
sults in restriction of grain boundary movement leading to straight
boundary formation.

The optical micrographs of the fine-grained heat-affected zone
(FGHAZ) are shown in Fig. 9, a—i. In FGHAZ, the similar pattern of
grain structure was noticed as obtained for the weld fusion zone. The
grain size is observed to increase with an increase in normalizing tem-
perature (fixed tempering temperature) and decrease with increase in
tempering temperature (fixed normalizing temperature), as shown in
Fig. 10, a. For a normalizing temperature of 1150°C, bigger size grain
boundaries are clearly seen in Fig.9, h—i. The microstructure of
FGHAZ is characterized by the presence of tempered martensite,

Fig. 9. Optical micrographs of fine-grained heat affected zone for different
normalized and tempered conditions (a) 950°C/730°C, (b) 950°C/760°C, (c)
950°C/800°C, (d) 1050°C/730°C, (e) 1050°C/760°C, (f) 1050°C/800°C, (g)
1150°C/730°C, (h) 1150°C/760°C, (i) 1150°C/800°C.
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Fig. 10. Variation in grain size with normalizing and tempering temperature
(a) FGHAZ and (b) over-tempered base metal zone.

PAGBs, lath boundaries and packets with M23Cs precipitates along the
grain boundaries. The subgrain boundaries are clearly seen in optical
micrographs.

The variation in grain size of FGHAZ and over-tempered base zone
(OTB) is shown in Fig. 10. For FGHAZ, the grain size increased with an
increase in normalizing temperature for a fixed tempering tempera-
ture. The grain size decreased with increase in tempering temperature
for fixed normalizing temperature. This similar pattern was also ob-
served for the OTB. In FGHAZ, for fixed tempering temperature a neg-
ligible change in grain size was observed after increasing the normaliz-
ing temperature from 950°C to 1050°C, while a drastic increase was
observed after normalizing beyond 1050°C. Grain size plays an im-
portant role in determining the strength, hardness and precipitate size
distribution. Presence of coarse grain (1150°C/730°C) leads to less
availability of grain boundaries, i.e., less fraction area of precipitates.
Barbadikar et al. [21] had reported that less fraction area of precipi-
tates resulted in the higher availability of C and N in solution matrix
that led to solid solution strengthening and ultimately higher strength
and hardness.

Secondary electron (SEM) micrograph of weld fusion zones for dif-
ferent normalizing & tempering condition is shown in Fig. 11, a—i. The
distribution of precipitates is clearly seen in SEM micrograph. At low
normalizing temperature range (950-1050°C), equiaxed lath morphol-
ogy is observed while at a higher normalizing temperature of 1150°C
lath morphology is observed, and it became difficult to trace the
PAGBSs. The lath boundaries and packets are clearly seen at a normaliz-
ing temperature of 1150°C.

The microstructure of FGHAZ for the different PWNT conditions is
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Fig. 11. Secondary electron micrographs of weld fusion zone for different
normalized and tempered conditions (a) 950°C/730°C, (b) 950°C/760°C, (c)
950°C/800°C, (d) 1050°C/730°C, (e) 1050°C/760°C, (f) 1050°C/800°C, (g)
1150°C/730°C, (k) 1150°C/760°C, (i) 1150°C/800°C.

shown in Fig. 12, a—i. For a low normalizing temperature of 950°C, the
microstructure looks similar for each tempering condition except the
grain coarsening. For normalizing & tempering of 1050°C/800°C, the
microstructure looks different and typical columnar lath morphology
is seen, as shown in Fig. 12, f. For PWNT of 1150°C/730°C, due to
high coarsening rate, the PAGBs disappear and only lath boundaries
are observed. With the increase in tempering temperature for a fixed
normalizing temperature, continuous reduction in grain size of
FGHAZ was predicted (Fig. 10). Due to smaller grain size, the PAGBs
are clearly seen in Fig. 12, a—f. Initially, the microstructure of weld
fusion zone and FGHAZ looks similar up to normalizing & tempering
of 1050°C/760°C, after that a drastic change was noticed in the micro-
structure in terms of PAGBs, lath boundaries and precipitate distribu-
tion. At a higher normalizing temperature of 1150°C, columnar lath
morphology is clearly seen in micrographs.

The size and distribution of precipitates in FGHAZ were also meas-
ured for all the normalizing & tempering conditions, and it is shown in
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Fig. 12. Secondary electron micrographs of fine-grained heat affected zone
for different normalized and tempered conditions (a) 950°C/730°C, (b)
950°C/760°C, (c¢) 950°C/800°C, (d) 1050°C/730°C, (¢) 1050°C/760°C, (f)
1050°C/800°C, (g) 1150°C/730°C, (k) 1150°C/760°C, (i) 1150°C/800°C.

Fig. 13, a, b for 950°C/730°C and 1150°C/800°C condition. Coarsening
of precipitates with an increase in normalizing temperature is clearly
noticed in Fig. 13, a, b. At the initial stage of PWNT process, globular
and spherical shape particle are observed, while, at higher PWNT pro-
cess, mainly cylindrical and needle shaped particles are observed.

The variation in area fraction of precipitates for weld fusion zone
and FGHAZ are shown in Fig. 14, a, b. The area fraction of precipitates
increased with increase in tempering temperature (constant normaliz-
ing temperature) and decreased with increase in the normalizing tem-
perature (constant tempering temperature) for both weld zone and
FGHAZ. The less area fraction of precipitates at low tempering tem-
perature led to the formation of the bulged boundary because of less
pinning force from precipitates.

The area fraction of precipitates governs the mechanical properties
due to precipitation hardening and solid solution hardening. A higher
fraction of precipitates results in a considerable lowering of solid solu-
tion hardening due to less availability of C and N in solid solution ma-
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Fig. 13. Size and distribution of element in FGHAZ for different PWNT con-
dition (a) 950°C/730°C, (b) 1150°C/800°C.
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Fig. 14. Variation in area fraction of precipitates (a) weld fusion zone and (b)
FGHAZ.

trix. However, higher fraction area of precipitate might leads to pre-
cipitation hardening. Generally, solid solution hardening dominates
over the precipitation hardening.

3.3. Hardness Variation

The hardness of weld fusion zone and FGHAZ for different PWNT
conditions is given in Table 5. The hardness value increased with in-
crease in normalizing temperature for given tempering temperature
while the hardness value decreased with increase in tempering temper-
ature. The extent of increase in hardness in the temperature range of
1050°C-1150°C was found to be more compared to a temperature range
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TABLE 5. Hardness variation in weld fusion zone and FGHAZ for different
normalizing and tempering condition.

Heat | Hardness(HYV) Heat Hardness (HV) [Heat Hardness (HV)

treated treated treated
condi- | Weld lpqapagicondi- | Weld Jpapagcondi- | Weld | pgpag
tion zone tion zone tion zone

950°C/ 1050°C/ 1150°C/
730°C 235+3 235+3 730°C 237+2 233+2 730°C 238+3 235+3

950°C/ 1050°C/ 1150°C/
760°C 230+£3 2295 760°C 232+3 228+4 760°C 235+3 231+2

950°C/ 1050°C/ 1150°C/
800°C 232+3 231+3 800°C 239+3 233+3 800°C 247+2 237+2

of 950°C-1050°. The lower hardness in the temperature range of
950°C-1050°C is attributed to the presence of higher grain boundaries
and large fraction area of precipitates. For a normalizing temperature
of 1150°C, coarse grain size led to lower precipitation of M23Cs and M X
precipitates and ultimately larger presence of carbon and nitrogen in
solution matrix that resulted in higher solid solution hardening. Lower
precipitate formation resulted in reduced precipitation hardening.
Grain coarsening might also lead to poor hardness but higher solid solu-
tion hardening dominate over the reduction in precipitation hardening
and grain coarsening. This resulted in an increase in hardness value at
higher normalizing temperature compared to lower normalizing tem-
perature.

3.4. Tensile Properties

For V-grove and narrow groove weld design, transverse tensile test
specimens were tested. The gauge length and width of the flat tensile
specimen were 25 mm and 6.25 mm, respectively. For transverse ten-
sile tested specimen, variation in ultimate tensile strength (UTS) and
yield strength (YS) with normalizing and tempering are depicted in
Fig. 15, a—d. In each test, the fracture location was noticed in the OTB.
For a fixed tempering temperature, the YS and UTS were increased
with an increase in normalizing temperature for both the groove de-
signs. For V-groove design, UTS increased from 705 MPa to 730 MPa
with an increase in normalizing temperature from 950°C to 1150°C
(tempering temperature 730°C), while, for narrow groove design, it
increased from 683 MPa to 712 MPa. The minimum UTS and YS were
measured for sample normalized at 950°C and tempered at 800°C for
both groove designs. The sample normalized at 1150°C led to coarse
grain and higher lath width. This resulted in less availability of grains
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Fig. 15. Variation in tensile properties for V-groove and narrow-groove de-
sign with varying normalizing and tempering temperature: (a), (b) UTS; (¢),
(d) YS.

and grain boundaries per unit area and reduced the fraction area of
precipitates. The lower availability of carbide precipitates led to solid so-
lution strengthening and resulting in an increase in strength of steel for
sample normalized at 1150°C compared to the sample normalized at 950°C
and 1050°C. For narrow groove design, similar behaviour was noticed in
UTS and YS variation. However, the UTS and YS measured for the nar-
row groove weld design was found to be less corresponding to V-groove
designs.

For a given normalizing temperature, the YS and UTS decreased
with increase in tempering temperature. For V-groove design and
fixed normalizing temperature of 1150°C, the maximum UTS and YS
were measured to be 730 MPa and 570 MPa respectively for tempering
temperature of 730°C, while minimum UTS and YS were measured to
be 660 MPa and 520 MPa respectively for tempering temperature of
800°C. For V-groove design, the rate of decrease in UTS was found to
be lower up to tempering temperature of 760°C and beyond that, a
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Fig. 16. Variation in % elongation (a) V-groove and (b) narrow-groove design.

drastic decrease was noticed in the UTS value. For narrow-groove de-
sign, a near uniform decreasing trend was observed for given temper-
ing temperature range. The variation in YS and UTS value of P92 steel
weldments for different PWNT conditions were strongly affected by
the solid solution hardening and precipitate hardening. The coarse
precipitates at higher tempering temperature were also responsible for
the strength and hardness degradation. The coarse precipitates have
poor tendency to act as the dislocation barrier resulting in poor
strength and hardness. The increase in tempering temperature led to
consumption of C and N from the matrix for higher carbide and car-
bonitrides precipitation. The reduction of C and N from the matrix re-
sulted in poor solid solution hardening. The formation of precipitate
might lead to precipitation hardening but the reduction in solid solu-
tion hardening dominates over the increase in precipitate hardening.
This resulted in a reduction in strength value of P92 steel at higher
tempering temperature. A good agreement was also observed in hard-
ness and strength relationship.

Figures 16, a, b show the variation [in %] elongation for transverse
tensile tested weld specimens in different normalizing and tempering
temperature range. The percentage elongation increased with increase
in tempering temperature for normalizing temperature range of
1050-1150°C. For V-groove weld design, maximum percentage elonga-
tion was measured to be 24.7% for sample normalized at 950°C and
tempered at 730°C, while a minimum of 24.13% was for sample tem-
pered at 800°C for same normalizing temperature. The similar pattern
of percentage elongation was also measured for narrow-groove design
as shown in Fig. 16, b. The percentage elongation decreased with in-
crease in normalizing temperature. For tempering temperature of
730°C and normalizing temperature of 1150°C, the percentage elonga-
tion was observed to be less than 20% for both the groove designs.
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4. CONCLUSIONS

1. The normalizing and tempering treatment, recovery processes leads
to the refinement of grain structure. This resulted in higher Charpy
toughness value in weld zone than as-received P92 steel.

2. The normalizing and tempering treatment of P92 weldments pro-
duced uniformed hardness measured in weld zone and the fine-grained
heat affected zone was found to be very much similar to that recorded
in as-received P92 steel.

3. The ultimate tensile strength and yield strength value of V-groove
weld design were measured to be higher than narrow-groove design
while Charpy toughness value of narrow-groove weld design was meas-
ured to be superior to V-groove weld design.

4. The final fracture zone of tensile fracture surface revealed the
mixed mode of failure for all normalizing and tempering action.

5. The normalizing at 1050°C and 760°C is recommended for P92
weldments for the optimum combination of strength and ductility.
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