
* Corresponding author.  
E-mail addresses: japheth.obiko97@gmail.com  (J. Obiko) 
 
ISSN 2291-8752 (Online) - ISSN 2291-8744 (Print) 
© 2025 Growing Science Ltd. All rights reserved. 
doi: 10.5267/j.esm.2025.1.002 
 
 

 

 
 

 
 

Engineering Solid Mechanics 13 (2025) 175-198 
 

 

Contents lists available at GrowingScience 
 

Engineering Solid Mechanics 
 

homepage: www.GrowingScience.com/esm 
 

 
 
On the effect of heat treatment schedules on the structure-property behaviour of heat-affected zones of 
ASTM A335 steel: Gleeble thermal-mechanical simulation 
 

 
 
 

 
Japheth Obikoa,b*, David Whitefielda and Micheal Bodunrina 
 

 
 

aUniversity of the Witwatersrand, School of Chemical and Metallurgical Engineering, 1 Jan Smuts Avenue, Johannesburg, 2000, South Africa 
bJomo Kenyatta Univesity of Agriculture and Technology, Department of Mining, Materials and Petroleum Engineering, Nairobi, Kenya 
A R T I C L EI N F O                      A B S T R A C T 

Article history:  
Received 10 July 2024 
Accepted 15 January 2025 
Available online  
15 January 2025 

 This study reports on microstructure evolution and mechanical properties of weld joints of two ASTM 
A335 P92 steels with varying chromium and tungsten content influenced by heat treatment. Physical 
simulation samples for fine-grain and intercritical heat-affected zones were done using the Gleeble® 
3500 equipment. A peak temperature of 900°C (intercritical zone) and 950°C (fine-grained zone) 
simulated different heat-affected zones. After physical simulation, the test samples underwent two heat 
treatment schedules: post-weld heat treatment (PWHT) and normalisation, followed by tempering. 
The results show that the two steels had similar martensite microstructure. The microstructure further 
exhibited the presence of M23C6 carbides along the grain and lath boundaries. The P92-B steel had 
the highest hardness values after heat treatment except at FGHAZ + PWHT condition, which had a 
lower hardness value (271.9 ± 5.0 HV0.5). In this condition (FGHAZ + PWHT), P92-B steel had a 
higher Charpy toughness value (180J), slightly higher than the base metal (178J) due to fully formed 
martensite microstructure. ICHAZ + heat treatment, P92-B steel had the lowest toughness values (74J 
for r-PWHT and 83J for PWHT), but these values were higher than the minimum toughness value of 
47J of the weld joint required for hydro-testing of the vessels. The study revealed no marked significant 
differences between the two steels. The heat treatment method (r-PWHT) is applicable in the industry 
for Type IV crack mitigation of the weld joint. 

© 2025 Growing Science Ltd.  All rights reserved. 
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1. Introduction 

      
     Demand for electrical energy for industrial development and domestic use has increased tremendously (Guo et al., 2015). 
Fossil fuel is used extensively for power generation. Most fossil-fuel power plants now operate under ultra-supercritical (USC) 
technology. These power plants operate at a steam temperature of ~650°C and a steam pressure of 35 MPa (Francis et al., 
2006). The heat efficiency of fossil-fuel power plants has been increased by 45% to reduce CO2 emissions (Ennis & Czyrska-
Filemonowicz, 2003). The 9-12% Cr steels were developed for these power plant components since they can withstand severe 
working conditions in nuclear and fossil-fuel power plants (Francis, Mazur & Bhadeshia, 2006, Sakthivel et al., 2014). These 
steels have applications in boiler tubing systems, rotors, and turbine castings due to their high creep resistance, fabricability, 
and corrosion resistance during service (Nagode et al., 2011). In the early 1970s, Oak Ridge Laboratory in the USA developed 
P91 steel for power plant components with additions of molybdenum, niobium, and vanadium for improved creep resistance 
(Hurtado-noreña et al., 2015). Solid solution strengthening occurs due to the formation of carbides along the laths and grain 
boundaries and carbonitrides in the matrix, thus increasing creep strength (Łomozik & Zielińska-Lipiec, 2008). However, the 
creep strength and oxidation resistance of P91 steel decrease at temperatures above 600°C (Milović et al., 2013). Nippon Steel 
in Japan developed NF616 steel by modifying P91 steel by adding 1.8% W and reducing Mo by 0.5% (Francis et al., 2006). 
This steel is designated in the ASTM specifications as P92 steel (Ennis & Czyrska-Filemonowicz, 2003). The P92 steel has a 
~30% higher creep strength than P91 steel under the same service conditions (Ohgami et al., 1997; Sklenička et al., 2016). 
Tungsten and molybdenum additions enhance creep strength due to solid solution strengthening (Czyrska-filemonowicz et 
al., 2006). 
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     The joining of power plant components is by welding. During welding, the material experiences different weld thermal 
cycles, causing the formation of a soft zone (Pandey et al. 2019). This zone has poor creep strength and may cause premature 
failure of welded structures after long-term service (Lim et al., 2003). These zones formed during welding due to different 
weld thermal cycles, as shown in Fig. 1 (Francis et al., 2006). Creep failure occurs due to microcracks initiation, especially 
in the heat-affected zone (HAZ) of the weld joint (Abson & Rothwell, 2013; Tabuchi et al., 2001). Weld joint cracks are 
classified according to the position of crack initiation and propagation (Abson & Rothwell, 2013). Type I and Type II cracks 
usually occur in the weld metal and grow within the weld metal. However, Type II cracks may also propagate through the 
weld metal into the HAZ and the parent metal. Type III cracks nucleate in the coarse-grained heat-affected zone. The fine-
grained heat-affected region provides the mechanism for the initiation of Type-IV cracks. These cracks cause premature 
failure in the weld joints (Francis et al., 2006). The Type IV crack initiation and propagation are accelerated by high-stress 
triaxiality (state of stress) in this region, causing localized strain accumulation under creep conditions (Esposito, 2016). The 
initiation and propagation of Type IV crack occurs at the HAZ surface near the base metal. However, the position of Type IV 
crack initiation remains unclear. Most researchers report that Type IV cracks occur at the intercritical (ICHAZ) or the FGHAZ 
regions (Abson & Rothwell, 2013). 
 
     Studies show that Type IV cracking contributes to failure mechanisms in welded structural power plant components 
(Tabuchi et al., 2001), (Vodopivec et al., 2011). The failures occur in the heat-affected zone (HAZ), which undergoes 
microstructural changes due to the weld thermal cycle (Albert et al., 2003; X. Wang et al., 2014; Xue et al., 2012). The 
microstructural regions in the HAZ are (Gutiérrez et al., 2015) as follows: 
 
1. Coarse-grained HAZ (CGHAZ):  is located near the fusion line and experiences high peak temperature above the 

(α+γ) / γ (Ae3) boundary. During the thermal cycle, phase transformation to austenite occurs. Dissolution of carbides 
is experienced in this region. This phenomenon causes coarse austenite grains formation. The CGHAZ region is 
about 200 µm wide. 

2. Fine-grained HAZ (FGHAZ): undergoes complete austenite transformation at peak temperatures above Ae3. The 
region exhibits finer austenite grains, which later transform to martensite on cooling for 9-12 wt.%Cr heat-resistant 
steels. The FGHAZ is susceptible to Type IV cracking. 

3. Intercritical HAZ (ICHAZ): occurs ~2.5 mm from the fusion line but adjacent to the parent metal. This region 
experiences a peak temperature between the lower (Ae1) and upper (Ae3) critical phase transformation temperature 
during the welding, resulting in the partial transformation of martensite to austenite.  

     Type IV cracks nucleate and propagate through the heat-affected zone (HAZ) in weld joints (Tabuchi et al., 2001; Tanaka 
et al., 2013; Xue et al., 2011; Zhao et al., 2014). In high Cr steel containing tungsten, Tabuchi et al. (2001) reported that creep 
failure occurred due to Type IV cracks in the HAZ for electron beam welded (EBW) joints. Shankar et al.(2013) showed that 
low-cycle fatigue damage in P91 steel occurred in the HAZ. They observed micro-voids in the HAZ, resulting in the nucleation 
of a fatal crack, which caused the failure. The study further noted that at 600°C, the initiated crack propagated within the 
HAZ, a characteristic feature of Type IV cracking. However, at a lower temperature of 500°C, crack initiation occurred at the 
HAZ region but later propagated towards the weld metal (Shankar et al., 2013). Sakthivel et al.(2014) reported that more 
microvoids formed in the simulated FGHAZ of P92 steel than in other regions of the weld joint. Another study reported that 
microvoids formed in the ICHAZ due to creep damage, which coalesced to form Type IV cracks (Hasegawa et al., 2009). 
Peng et al. (2017) and Barbadikar et al. (2018) showed that the simulated ICHAZ in P92 steel had the lowest strength and 
hardness, and failure occurred due to Type IV cracking. It is clear from the literature that two issues need attention: (1) the 
location of Type IV cracks and (2) their prevention mechanisms. To this end, the influence of microstructure evolution in the 
weld joint (especially HAZ) on mechanical properties, especially for P92 steel, is scanty in the literature.  
 

 
Fig. 1. An illustration of HAZ regions at various peak temperatures (Francis et al., 2006). 
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     The literature has shown that the weld joint has a heterogeneous microstructure, which negatively affects the mechanical 
properties such as toughness, thus causing creep failure during industrial application. Therefore, achieving uniform 
microstructure across the weld joint is of great concern. This current study explored the effect of heat treatment (PWHT and 
N + T) on the microstructure evolution of physically simulated HAZ microstructure of two P92 steel having variations in 
chemical composition. The study will further provide information on the effect of the homogenisation process (N+T) on the 
heat-affected zones of P92 steel on mechanical properties.  
 
2. Experimental procedure 
 
    The P92 steel is normally supplied in normalization and tempering (N + T) conditions. The elemental composition of the 
two steels studied is shown in Table 1. These two steels are herein denoted as P92-A and P92-B. The as-received plates were 
sectioned to the dimension of 70 mm × 10 mm × 10 mm which is the standard HAZ physical simulation sample used in the 
Gleeble®3500 equipment. A single-pass physical HAZ simulation was done for each specimen. The simulation temperature 
was controlled using K-type thermocouples spot-welded mid-height of the test specimen. The simulation thermal history is 
shown in Fig. 1, which involves: 
 

1. Heating to the weld HAZ peak temperature (Tmax) at temperature of 60 °C per second. 

2. The peak temperatures were: ICHAZ (900°C) and FGHAZ (950 °C) 

3. Exponential cooling  (Figure 1) was used at a specified rate from 800 °C to 500 °C as given by Eq. (1) (Gleeble, 
1999): 

𝑇𝑇 = 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒
−0.47𝑡𝑡
∆𝑡𝑡8/5

 (1) 

where T is the temperature increment per second, Tmax is the peak temperature, t is the time (sec) and Δt is the cooling time 
from 800 °C to 500 °C in seconds. The peak temperatures used in this study were within the phase transformation temperature 
(Ae1 ≤ Tp ≤ Ae3) for P92 steel reported in the literature and around Ae3 (Barbadikar et al., 2018; Falat et al., 2016; Peng et al., 
2017) and around Ae3 (Dunđer et al., 2019; Liu et al., 2013, 2014). At the peak temperature, the dwell time was 0.5 s and then 
cooled at Δt8/5= 20 seconds.    
 
Table 1. Chemical composition (wt.%) of the two steels 
Element C Mn Si Cr Mo Ni Cu V Nb W Co Fe 
P92-A  0.11 0.51 0.22 9.37 0.5 0.17 0.27 0.19 0.13 1.76 0.028 Bal. 
P92-B 0.11 0.32 0.25 9.48 0.61 0.17 0.00 0.20 0.08 2.34 0.024 Bal. 

 

 
Fig. 2. Thermal cycle of weld joint simulation. 

After the physical Gleeble HAZ simulation, the following heat treatment schedule was performed on the HAZ specimens: 
 

1. Conventional post-weld heat treated (PWHT) - tempering the weld joint at 760 °C for 2 hours then air cooling to room 
temperature (Fig. 3). 

2. The r-PWHT - austenitising simulated HAZ samples at 1050 °C for 40 minutes, air-cooling to room temperature, 
tempering at 760 °C for 2 hours, and then air-cooling to room temperature (Fig. 3).  

The r-PWHT procedure aims to homogenise the simulated HAZ region microstructure. This process rejuvenates the 
microstructure, hence improving the mechanical properties of steel. Falat et al. (2016) reported similar treatment on     
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T92/TP316H dissimilar weld joints. The HAZ samples were ground and polished following the standard metallographic 
procedures to study and analyse the microhardness and microstructure. The test samples were etched using Villella’s reagent. 
Leica DM 6000M Zeiss and field emission scanning electron microscopes studied microstructure evolution. The study used 
a FUTURE-TECH FM-700 microhardness test to measure the microhardness of all test samples using a load (1000g) and a 
dwell time (10 seconds). Standard Charpy impact testing samples were machined from the HAZ simulated samples, which 
were as-welded and after heat treatment. Charpy toughness tests were conducted at room temperature per ASTM E23-12c 
standard (ASTM E 23-12c, 2012). The V-notch was machined at the midspan of the test sample to ensure the notch was in 
the centre of the HAZ region.  
 

 
Fig. 3. Schematic diagram of heat treatment for r-PWHT and PWHT. 

 
3. Results and Discussion 

3.1. Thermal cycles for physical HAZ simulation 
 
     Fig. 4 shows the thermal cycles of the two HAZ simulations of ICHAZ) and FGHAZ. The graphs show an accurate trend 
between the measured and program temperatures. The phase transformation equilibrium temperatures were determined using 
analytical solutions developed by Chalk, Shipway, and Allen (Chalk et al., 2011), which is Andrews’ model (Trzaska, 2015), 
as reported by Kim et al. (2017). The selected peak temperatures are that: 900 °C lies in the middle of the two-phase region 
(Ae1 and Ae3), but 950 °C is at or just above the Ae3 for the two P92 steels. The table shows the calculated phase dissolution 
temperatures for the two P92 steel.  
 
Table 2. Calculated phase transformation temperatures of the two P92 steels.  
Model Trans.  P92-A  P92-B 
 T(℃) °C °C 
Andrews [36] Ae3 908 922 
Chalk et al. [35] Ae1 817 850 
 

       
 a) 

 
 b) 

Fig. 4. Thermal cycle for HAZ microstructure simulation using the Gleeble® 3500 thermo-mechanical simulator a) 900 
°C, and b) 950 °C. 
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      However, the critical phase transformation temperatures may increase as the heating rate increases during the physical 
simulation (Peng et al., 2017). The reason is that the dissolution of carbides and martensite laths into austenite is a diffusion-
controlled process. These peak temperatures depict the ICHAZ and FGHAZ microstructures after physical simulation. Fig. 4 
shows the thermal cycles for the physical simulation of the ICHAZ (900 °C) and FGHAZ (950 °C). The measured and the 
program temperature curves were very close throughout the tests (Fig. 4). The results show the accuracy of the Gleeble®3500 
machine in conducting experimental tests. 
 
3.2. Microstructure of as-received steels  

      P92 steel undergoes normalisation and tempering conditions before being put into service. Table 1 shows the elemental 
composition of the two steels under investigation. In this study, the notation of the two steels was P92-A and P92-B. Figure 
5 shows the white precipitates on the grain and lath boundaries of the two P92 steels. The carbides are mostly M23C6 and 
mainly occur along the grain boundaries (Pandey et al., 2019). The randomly distributed carbonitrides MX  precipitates in the 
matrix (Barbadikar et al., 2015). The coarse carbides at the lath and grain boundaries prevent grain boundary movement and 
the subgrain dislocations. This structural action resists creep failure (Pandey et al., 2018). The two common precipitates 
(M23C6 and MX) resist creep failure by hindering grain boundary and dislocation movement (Abson & Rothwell, 2013; 
Nagode et al., 2011). The visible particles are M23C6 carbides (Fig. 5).  

   
a) P92-A steel 

  
b) P92-B steel 

 
Fig. 5. SEM-BSE micrographs of as-received P92 steels. 

 
      Fig. 7 shows the X-ray diffraction (XRD) analysis. The results show the carbides present were Cr23C6, Cr7C3, MnC, and 
V(CN) for P92-A steel and Cr23C6 V4N3 Mn7C3 for P92-B steel. As mentioned earlier, the carbides occur on the grain 
boundaries (Pandey et al., 2018). These carbides enhance creep strength by hindering grain boundary motion (Abson & 
Rothwell, 2013). The MX precipitates provide resistance to deformation (Nagode et al., 2011). Thermo-Calc software 
predicted the phase transformation and dissolution temperature of precipitates for the two steels. Fig. 6 shows the results of 
predicted data of phase volume (%) versus temperature. In the ThermoCalc simulation, the phases identified were M23C6, 
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MX, and Laves phase. The results show that as the temperature increased, the dissolution of precipitates increased and vice 
versa (Fig. 6).    

    
a) P92-A b) P92-B 

Fig. 6. Thermo-Calc analysis for the two steels under equilibrium. 
 
Table 3. Precipitate dissolution temperature for the two steels investigated. 

Steel Carbides MX Laves  

P92-A 888 1250 720 

P92-B 911 1192 770 
 
     The dissolution temperature of MX precipitates was higher than the other phases (Fig. 6). Generally, during normalisation, 
the carbides (M23C6) dissolve into the solid solution, causing solid-solution hardening. During tempering, precipitation occurs, 
resulting in phase formation and transformation. Therefore, these results provide a basis for determining the (Fig. 6) Ac1 and 
Ac3 phase transformation temperatures for the physical simulation of HAZ and heat treatment procedures. 
 

  
a) b) 

Fig. 7. XRD pattern for as-received base metals a) P92-A, b) P92-B. 
 
3.3 Microstructure of as-simulated HAZ 
 
     Fig. 8 shows the optical micrographs of as-received and the simulated HAZ microstructures for ICHAZ and FGHAZ for 
the two steels. The as-received parent metal of the three steels contained tempered martensite with clear prior austenite grain 
boundaries. The ICHAZ and FGHAZ samples had finer martensite laths than the as-received parent metal. The HAZ peak 
temperatures were high enough to partially transform some tempered martensite to austenite during heating, which then 
transformed to untempered martensite on rapid cooling. As-simulated P92-B steel had a few ferrite patches. The observed 
ferrites form due to incomplete phase transformation during the thermal cycle or alloying element additions (Pandey et al., 
2018). During the thermal cycle, carbide dissolution and dislocation annihilation occur, causing carbide-free ferrite formation. 
Ryu and Yu (1998) reported that ferrite retention is a function of alloying elements which affect austenite field formation. 
Ferrite minimisation is by optimisation of ferrite stabilisers and the cooling rate. The cooling rate affects the martensite start 
(Ms) and finishing (Mf)temperature. A higher cooling rate reduces Ms and Mf temperature (Peng et al., 2017), thus preventing 
ferrite formation. 
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As-received PM As-simulated ICHAZ As-simulated FGHAZ 

   
 a) P92-A steel  

   
 b) P92-B steel  

Fig. 8. Optical image of as-received parent metal and as-simulated HAZ microstructure. 
 

      Fig. 9 (ICHAZ) and Fig. 10 (FGHAZ) show the SEM–BSE images of the simulated HAZ microstructures for the two 
steels. The as-simulated microstructure for the two steels shows untempered lath martensite with bright precipitates. The 
carbides observed suggest that the ICHAZ and FGHAZ peak temperatures caused the incomplete dissolution of carbides. 
There were undissolved bright coarse and fine carbides for the two HAZ regions (ICHAZ and FGHAZ) on the grain and lath 
boundaries.  Fig. 8 shows the ICHAZ microstructure of the two steels. Both steels exhibited untempered and partially 
tempered martensite. The simulated ICHAZ microstructures of the two steels were relatively similar: coarse precipitates 
(probably M23C6) on the lath boundaries, with new, small grains formed after ICHAZ simulation. Simulation at 900 °C took 
a very short time, and since this temperature was lower than the dissolution temperature of carbides, this may have resulted 
in no dissolution of precipitates, causing carbide coarsening. The lower peak temperature of ICHAZ may cause the formation 
of tempered and un-tempered martensite of the original parent metal (Pandey et al., 2019).  
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Fig. 9. SEM-BSE images of as-simulated ICHAZ a) P92-B and c) P92-C. 

 
      From Fig. 10, it is clear that FGHAZ and ICHAZ have similar microstructure for the two steels. The FGHAZ simulation 
samples experienced a peak temperature around the Ae3 phase transformation temperature of P92 steel (~950 °C). At this 
peak temperature, partial dissolution of precipitates would occur, which enhanced the coarsening of undissolved carbides 
during the thermal cycle. Numerous carbides occurred along the lath boundaries. The dissolution temperature of the carbides 
in the two steels was below 930 °C, as determined from the empirical equation and reported by Peng et al., (2017). However, 
the bright precipitates show that incomplete dissolution of carbides occurred, which was affected by the heating rate that 
increases the phase transformation temperature (Peng et al., 2017).  
 

 

 
Fig. 10. SEM-BSE image of as-simulated FGHAZ a) P92-A steel b) P92-B steel. 
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     The change in transformation temperature due to the heating rate was the reason for the incomplete dissolution of carbides 
that occurred after short-time peak temperature heating (950°C). FGHAZ microstructure exhibited clear grains and grain 
boundaries. The P92-B steel (Fig. 10b) had coarse precipitates in the as-simulated FGHAZ microstructure. The coarse particle 
perimeter measured by Image J software was 16.7 μm.  
 
3.4 Microstructure of HAZ after PWHT 
 
     The micrographs of the parent metal and the simulated ICHAZ and FGHAZ, all after PWHT, are shown in Fig. 11 for the 
two steels. After conventional PWHT, both steels exhibited tempered martensite microstructure for the parent metal and 
ICHAZ microstructures (Fig. 11). However, the martensite laths in the ICHAZ microstructure were slightly shorter than those 
in the as-received parent metal shown in Fig. 11. This result shows that grain refinement may have occurred due to heat 
treatment. The FGHAZ microstructure after PWHT had a finer and equiaxed grain, as shown in Fig. 11. This region is prone 
to Type IV cracking during long-term creep exposure. Hence, the characterisation and study of this region are paramount to 
mitigate weld joint failure for prolonged exposure. The parent metal exhibited tempered lath martensite after heat treatment, 
similar to the as-received condition (Fig. 11). 
 

PM + PWHT ICHAZ +PWHT  FGHAZ + PWHT 

   
 b) P92-A steel  

   
 c) P92-B steel  

Fig. 11. Optical image of the as-received, ICHAZ and FGHAZ after PWHT for the two P92 steels. 
     
      Fig. 12 shows the SEM-BSE micrographs of the simulated ICHAZ after post-weld heat treatment. The steels had grain 
and lath boundaries having fine and coarse precipitates. The ICHAZ microstructure for the two steels exhibited fine and coarse 
carbides along the lath and prior austenite grain boundaries. During rapid heating and cooling in the HAZ simulation, some 
precipitates did not dissolve, and subsequent tempering caused the coarsening of the carbides, as shown in Fig. 12. The coarse 
carbides on the PAGBs caused the coarsening of the austenite grains as the boundaries became free from the pinning effect. 
Coarse precipitates show the location of the PAGBs of the parent metal. The carbides (normally M23C6 carbides) on the 
austenite grain boundaries provide the pinning effect during service conditions. The percentage area fraction of precipitates 
was 2.56 (P92-A) and 6.23(P92-B). The lower carbide percentage area fraction is due to the formation of large grain sizes. 
Large grain size formation reduces grain boundary formation, thus reducing the carbide precipitation process.  
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Fig. 12. SEM-BSE image of ICHAZ after PWHT a) P92-A b) P92-B. 
 
      The SEM-BSE micrographs of the simulated FGHAZ microstructure (Tp = 950°C) after PWHT are in Fig. 13. The two 
steels showed randomly distributed spheroidal fine and coarse precipitates. The formation of finer grains occurred due to the 
presence of undissolved carbides that pin the grain boundaries and prevent austenite grain growth (Pandey et al., 2018). Prior 
austenite grain boundaries had sparsely distributed precipitates. Fig. 13 for the two steels shows fewer precipitates on the 
grain boundaries, hence a lower pinning effect to dislocation movements, causing a reduction in material strength. Coarse 
carbides occurred along the grain boundaries for both ICHAZ and FGHAZ. These carbides act as the crack nucleation sites 
for Type IV cracking during creep (Parameswaran & Laha, 2013). The percentage area fraction of carbides was 0.44 (P92-A) 
and 1.08 (P92-B). The percentage area fraction of precipitates was 1.72 (P92-A) and 3.12 (P92-B). 
 

 

a) 

Precipitates on the 
PAGBs 

Coarse precipitates 

Fine precipitates 

a) 

PAGBs 

Coarse precipitates Precipitates along the 
PAGBs 

b) 

Fine precipitates on the 
lath boundary 

Coarse 
 

Precipitates 



J. Obiko et al.   / Engineering Solid Mechanics 13(2025) 
 

185 

 
Fig. 13. SEM-BSE image of FGHAZ after PWHT a) P92-A steel and b) P92-B.  
 
3.5 Microstructure of HAZ after r-PWHT 
 
      After r-PWHT, the heat-treated parent metal and the HAZ microstructures are in Fig. 14. The microstructures had 
tempered martensite and well-defined grain boundaries for both the parent metal and the HAZ regions. The parent metal and 
the simulated heat-affected zone samples exhibited identical microstructure.  
 

M + r-PWHT ICHAZ + r-PWHT  FGHAZ + r-PWHT 

   
 a) P92-A steel  

   
 b) P92-B steel  

Fig. 14. Optical image of the as-received, ICHAZ, and FGHAZ after r-PWHT. 
 
      During welding simulation, complete carbide dissolution into the matrix occurs, leading to a homogeneous microstructure. 
The heating process occurring during welding is similar to austenitisation. After tempering, dislocation density and breaking 
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of laths occur, causing solid solution strengthening. Hence, a higher number of precipitates forms due to an increased number 
of grain boundaries. P92-A steel exhibited longer martensite laths for the parent metal and the ICHAZ than FGHAZ (Fig. 
14a). This observation implies that ICHAZ had a microstructure similar to the parent metal. The FGHAZ microstructure had 
finer grains after r-PWHT. P92-B steel had a partially tempered martensitic structure (FGHAZ) like the parent metal (Fig. 14 
b). The microstructure evolution in the HAZ region depends on the microalloying elements in the steel, hence affecting the 
phase transformation temperature. The results show that under the same heat treatment (r-PWHT), ICHAZ and the FGHAZ 
regions had different microstructures for the two steels. The study concluded that re-austenitisation after welding led to the 
microstructure homogenisation of the HAZ. However, this depends on the chemical composition, phase transformation 
temperature, and heating rate. The heating rate affects the phase transformation temperature, hence the dissolution of 
precipitates (Peng et al., 2017). Pandey et al. (2018) showed that normalisation after welding reverts the weld joint 
microstructure to be similar to that of the parent metal. Saini, Pandey and Mahapatra (2017) and Pandey et al. (2019) reported 
similar results. This heat treatment procedure is recommended in the production industry to prevent Type IV cracking. For 
example, Mitsubishi Heavy Industries (Japan) adapted this technology and reported that the cross-weld and parent metal had 
similar results after the creep test for 30,000 h and 700 °C for P91 steel (Abson & Rothwell, 2013). 
 
      The SEM-BSE micrographs for the ICHAZ and FGHAZ microstructures after r-PWHT are in Figs. 15-16. During re-
austenitisation, the tempered martensite transforms into austenite on heating. On cooling, the austenite phase changes to 
untempered martensite. A complete dissolution of the carbides occurred during re-austenitisation. Dissolution of carbide 
makes the grain boundaries free from the pinning effect of carbides, thus allowing the growth of austenite grains. After 
tempering, precipitation of carbides occurs, improving precipitation strengthening. The re-austenitisation resulted in the 
homogenisation and a tempered martensite structure of the weld joint microstructure with carbides along the PAGBs and the 
lath boundaries, as shown in Fig. 15-16.  The ICHAZ and FGHAZ microstructures of P92-A steel exhibited randomly 
distributed precipitates in the microstructure, as shown in Figures 15-16a). The P92-A had fewer coarse and fine precipitates 
Figs. 15-16a. The low number of carbides along the lath boundary and PAGBs indicates low precipitation of carbides. This 
observation implies that more carbon and nitrogen remained in the solid solution during tempering. Reduction in precipitates 
reduces the strengthening effect. The lower number of carbides after tempering may have been due to the effects of tempering 
temperature and time.  
 

 

 
Fig. 15. SEM-BSE image of ICHAZ after r-PWHT a) P92-A b) P92-B.  
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     Barbadikar et al. (2015) reported that an increase in the tempering temperature increases the area fraction of carbides, 
causing precipitation strengthening. An increase in the tempering time increases precipitates, as more carbon and nitrogen are 
removed from the solid solution to form carbides (Pandey & Mahapatra, 2016). Pandey, Giri and Mahapatra (2016) 
investigated the effect of varying tempering temperatures on phase evolution in P91 steel. The study noted that as the 
tempering time increased, more grains formed, causing an increase in carbides. They reported that an increase in the number 
of grain boundaries increases carbide precipitation. The tempering temperature and time in the current study were insufficient 
for complete carbide precipitation. The percentage area fraction of precipitates was 0.44 (P92-A) and 1.08 (P92-B) for ICHAZ, 
while 0.19 (P92-A) and 1.35 (P92-B) for FGHAZ. P92-B steel had tempered martensite after ICHAZ + r-PWHT (Fig. 15b). 
FGHAZ + r-PWHT (Fig. 16b) shows fine and coarse randomly distributed precipitates and lath martensite. 
 

 

 

  
Fig. 16. SEM-BSE image of FGHAZ after r-PWHT a) P92-A b) P92-B. 
 
3.6. Microhardness  

      The microhardness values of the two steels tested are shown in Figs. 17-18. The average hardness of the as-received steels 
was 234.8 ± 1.4 HV0.5 (P92-A) and 231.4 ± 2.5 HV0.5 (P92-B), as shown in Table 4. The HAZ simulation influences the 
microhardness values of as-simulated condition. Fig. 17 shows that the hardness values for FGHAZ and ICHAZ. The results 
show that FGHAZ microstructure had higher microhardness values than the ICHAZ microstructure for the two steels. After 
heat treatment (PWHT), the hardness values were lower than in the as-welded condition, as shown in Figs. 17-18. Tempering 
decreased the hardness values (Saini et al., 2017). After tempering, hardness variation is a function of precipitate formation, 
grain size, and reduction in solid solution hardening (Pandey et al., 2019). In actual welding, the FGHAZ hardness values of 
~ 342-381 HV0.5 were lower than the 404-480 HV0.5 reported by Pandey et al. (2019). Thus, the peak temperature selected for 
the FGHAZ simulation was lower than the usual temperature in the FHGAZ region during actual welding. The hardness 
results showed a variation in hardness values after PWHT. These results indicate that after simulation, complete dissolution 
of carbides did not occur, and subsequent tempering caused carbide coarsening. This phenomenon reduces the precipitation, 
hence reducing the percentage area fraction of carbides. The ICHAZ had a lower hardness value (237.8 ± 4.1 HV0.5) than 
FGHAZ (312.6 ± 40.7 HV0.5) for P92-A steel after PWHT. The reason could be that ICHAZ had a higher percentage area 
fraction of precipitates (2.56) than FGHAZ (0.44). The variation in the area fraction of carbides indicates that FGHAZ had 
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higher solid solution hardening due to the low number of precipitates, hence high hardness. However, ICHAZ had a higher 
hardness value (283.2 ± 13.7 HV0.5) than FGHAZ (271.9 ± 5.0 HV0.5) for P92-B steel, even though ICHAZ had the highest 
area fraction of carbides (6.23). The area fraction of carbides is not the only factor contributing to high hardness values. 
Therefore, this implies that other factors may be contributing to hardness values. One reason could be carbide coarsening, 
which reduces the pinning effect on the austenite grain boundaries. The other reason can be the grain boundaries recovery, 
thus reduction of dislocation density (Wang et al., 2013). 

 
Fig. 17. Graph showing the microhardness values of ICHAZ at different test conditions.  

 
Fig. 18. Graph showing the microhardness values of FGHAZ at different test conditions. 

      After r-PWHT, the simulated HAZ microstructure further exhibited variation in the microhardness. Table 4 shows the 
microhardness values for the two steels. After r-PWHT, FGHAZ microstructures for P92-A had the lowest microhardness 
value. The P92-B steel had the highest hardness values after heat treatments, as shown in Table 4. In general, heat treatment 
decreased the hardness of ICHAZ and FGHAZ in the two steels. The low hardness values were due to the softening of the 
formed brittle HAZ martensitic structure after the thermal cycle and the growth of the precipitates (Pandey et al. 2018).  
 
Table 4.  Summarised microhardness values of the two steels in different test conditions. 
Tmax (°C) Condition P92-A P92-B 
- AR 233.8 ± 1.4 231.4 ± 2.5 
ICHAZ As-S 254.4 ± 11.6 341.9 ±5.6 

PWHT 237.8 ± 4.1 283.2 ± 13.7 
r-PWHT 283.6 ± 11.3 309.7 ± 12.6 

FGHAZ As-S 386.9 ± 17.5 381.3 ± 4.6 
PWHT 312.6 ± 40.7 271.9 ± 5.0 
r-PWHT 279.2 ± 18.7 290.4 ± 12.4 
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3.7 Charpy Impact Toughness  
 
     Table 5 shows the Charpy toughness values for ICHAZ and FGHAZ for all tested samples under different conditions. 
Figure 18 indicates the Charpy toughness values of the two steels investigated at different conditions. These results are for 
one sample per test. The test material was not enough to prepare more samples. However, the results were sufficient to provide 
the necessary required test data for analysing the material behaviour. The results show that in as-received (AR) condition, the 
sample had a Charpy toughness was 130J (P92-A) and 178J (P92-B), as shown in Table 5. As-simulated HAZ for both 
conditions had Charpy toughness value higher than 74J for the two steels. Therefore, the test samples had toughness value 
higher than the minimum toughness value of 47J required of the weld joint for the hydro-testing of vessels (Pandey et al. 
2018). As-welded condition, the Charpy toughness values were relatively high (Table 5). The toughness values show that the 
microstructure did not transform into untempered brittle martensite during HAZ simulation. The SEM images show that the 
ICHAZ and FGHAZ microstructure after simulation a high precipitate amount, indicating the incomplete dissolution of 
carbides. This observation implies that the HAZ microstructure was over-tempered, causing a minor change in the 
microstructure. The microstructure changes resulted in martensite softening due to increased precipitation, hence a reduction 
in solid solution hardening (Pandey et al. 2019). For example, the Charpy toughness values for the two steels showed 
insignificant change after the HAZ simulation compared to the as-received metal. The P92-A had a higher toughness value 
than the as-received metal for ICHAZ. The results show that incomplete hardening did not occur. For the two HAZ conditions, 
peak temperatures only transformed the microstructure into over-tempered and partially tempered with a high density of 
undissolved precipitates. 
 
Table 5. Charpy toughness values for the two steels under different test conditions.  
Tmax (°C) Condition P92-A P92-B 
- AR 130 178 
ICHAZ As-S 158 138 

PWHT 145 83 
r-PWHT 154 74 

FGHAZ As-S 112 112 
PWHT 175 180 
r-PWHT 154 107 

*The error bars are not given; one sample was tested due to insufficient material to prepare more samples and the table indicates Charpy toughness. 
 
     The ICHAZ for P92-A steel had higher toughness (158J) than the as-received metal (130J) and P92-B steel. The higher 
toughness values of ICHAZ for P92-A steel may be due to over-tempering of the martensite and precipitate coarsening. The 
simulated ICHAZ of P92-B steel had the lowest toughness values of 83J (PWHT) and 74J (r-PWHT). These lower toughness 
values showed that the formed martensite after heat treatment had new, brittle martensite from the fraction of transformed 
austenite. For the ICHAZ microstructure, incomplete dissolution of the M23C6 carbides occurred for P92-B steel. From 
Thermo-Calc analysis, the equilibrium dissolution temperature of M23C6 carbides is 911°C for P92-C steel. Heat treatment 
may have caused carbide coarsening, thus offering less resistance to impact loading. Higher hardness values were measured 
under the same test conditions, indicating a formation of brittle martensite. The microstructures of P92-B steel showed that 
precipitates were distributed unevenly, with few grain boundaries seen (Fig. 12 and Fig. 15). The lower number of carbides 
shows the formation of brittle martensite after heat treatments, hence low resistance to impact loading. The FGHAZ showed 
an improved Charpy toughness after heat treatment (Fig. 19b). Improved toughness was due to softening of the martensite 
structure, together with an increased fraction of precipitates, hence a reduction in solid solution hardening.  
 

  
a) b) 

Fig. 19. Charpy toughness values at different processing conditions: a) P92-A and b) P92-B. 
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      The Charpy toughness value for P92-A steel was 154J after r-PWHT treatment. This value was higher than that of the 
parent metal (130J), as shown in Fig. 19a-b). After austenitisation, the complete dissolution of carbides occurs. Tempering 
causes precipitation and softening of the formed brittle martensite structure. The microstructure under these conditions 
(FGHAZ/ICHAZ + r-PWHT) exhibited a tempered martensitic microstructure, as shown in Figs. 15-16a. The toughness 
values indicate that the simulated ICHAZ/FGHAZ microstructure homogenisation may have occurred after r-PWHT treatment 
(Pandey et al. 2019). P92-B steel had lower Charpy toughness values after r-PWHT than the base metal. The base metal had 
a fully tempered martensitic microstructure, hence a high Charpy toughness value. The poor toughness values may be due to 
δ-ferrite occurring along with tempered martensite (Moon et al., 2015).  
 
3.7. Fracture surface morphology 
 
3.7.1 P92-A steel  
 
      Fig. 20 shows the fracture surface of as-received P92-A steel after Charpy impact testing. The SEM-BSE image shows 
fracture surface characteristics such as microcracks, shear dimples, and tear ridges indicating ductile fracture. These features 
occur due to the coalescence of microvoids. The shear dimples indicate a tempered martensitic microstructure.  
In the as-simulated ICHAZ sample, the ductile fracture mode was dominant, as confirmed by dimples, microvoids, and an 
area of shear (Fig. 21a). The results show that the ICHAZ sample had higher Charpy toughness (158J) than the parent metal 
(130J). The improved Charpy toughness (Figure 19b) occurs due to martensite over-tempering and carbide coarsening. 
  

 
Fig. 20. SEM-BSE fractography image for P92-B steel. 
 
      The ICHAZ + PWHT (Fig. 21b) shows voids, quasi-cleavage facets, dimples, and micro cracks on the fracture surface, 
indicating a mixed fracture mode behaviour. After ICHAZ + PWHT, the microstructure had tempered martensite with 
precipitates along the grain boundaries, which resulted in a lower hardness value (237.9 ± 4.1 HV05) and higher Charpy 
toughness value (145J). ICHAZ + r-PWHT (Figure 21c), ductile fracture occurred, as shown on the fracture surface. Under 
this heat treatment condition (ICHAZ + r-PWHT), the fracture changed from mixed fracture mode observed in ICHAZ + 
PWHT condition to ductile mode. These toughness values indicate that r-PWHT may have increased the precipitation due to 
an increase in grain boundaries (Fig. 15a), hence increasing toughness from 145J (PWHT) to 154J (r-PWHT). 
 
      Fig. 22a shows the fracture surface image of the as-simulated FGHAZ microstructure. The micrograph shows 
microcracks, quasi-cleavage facets, and tear ridges. These microstructural features indicate untempered lath martensite (X. 
Wang et al., 2016). The low HAZ simulation peak temperature may have caused solid solution hardening, hence the lower 
toughness value. The failure behaviour was a characteristic of brittle fracture mode caused by enhanced solid-solution 
hardening due to limited precipitation.  

a) As-received  

Dimples 

Tear ridges 

Shear dimples  

Micro-cracks 



J. Obiko et al.   / Engineering Solid Mechanics 13(2025) 
 

191 

 

 

 
Fig. 21. SEM-BSE fractography image: a) PWHT and b) r-PWHT for P92-A steel.  
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Fig. 22. SEM-BSE fractography image: a) as-simulated b) PWHT and c) r-PWHT for P92-A steel.  
 
      However, the FGHAZ + PWHT and FGHAZ + r-PWHT conditions showed ductile fracture mode with dimples, 
microvoids, voids, and shear (Fig. 22 b-c). The FGHAZ sample in these two conditions had improved fracture behaviour. 
After r-PWHT, all HAZ samples had the same fracture toughness value (154J), and hardness values were relatively close, 
with a difference of 4.7 ± 7.4 HV0.5. These hardness results show that homogeneous microstructure occurred after r-PWHT, 
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having uniform austenite grain sizes and alloying element redistribution caused by suppression of both structural and chemical 
gradient (Falat et al., 2016). 
 
3.7.2 P92-B steel  
 
     Fig. 23 shows the fracture surface of the Charpy toughness sample tested at room temperature for as-received P92-B steel. 
The BSE-SEM micrograph shows the presence of microcracks, shear area, and reduced dimple sizes, indicating ductile 
fracture mode. As simulated ICHAZ, the fracture surface (Figure 24a) had microvoids and ductile dimples showing a ductile 
fracture mode. However, the fracture mechanism of the as-simulated ICHAZ after PWHT and r-PWHT changed from ductile 
to brittle fracture mode, as shown in Figure 24(b-c). Under these heat treatment conditions (PWHT and r-PWHT), the fracture 
surface appeared to have more area occupied by quasi-cleavage and tear ridges than ductile dimples (Figure 24b-c). The brittle 
fracture behaviour after tempering shows that carbon and nitrogen were not ejected from the matrix, causing solid solution 
hardening. The trapped C and N in the matrix resulted in untempered martensite. The untempered martensite was due to 
insufficient time to achieve a complete tempering. Pandey and Mahapatra (2016) reported that tempering time enhances the 
mechanical properties of a material due to solid solution strengthening. However, they noted that increasing tempering time 
beyond 8 hours at a tempering temperature of 760 °C caused a reduction of precipitates. As mentioned earlier, precipitate 
reduction affects the mechanical behaviour of the material, especially creep resistance, toughness, and hardness. In this study, 
P92-B steel had high hardness and low Charpy toughness values for the tested conditions. These mechanical responses may 
be due to reduced solid solution strengthening.  
 

 
Fig. 23. SEM-BSE fractography image as-received P92-B steel. 
 
 
     The fractography image of the as-simulated FGHAZ exhibited cleavage and a small area fraction of dimples, indicating a 
brittle fracture mode, as shown in Fig. 25a. The FGHAZ + PWHT fracture surface had quasi-cleavage, tear ridges, micro-
cracks, and microvoids, indicating brittle fracture, as shown in Figure 25b. FGHAZ + r-PWHT (Fig. 25c) shows that the 
fracture mode changed to ductile. The micro-cracks, microvoids, and ductile dimple tearing observed result from microvoids 
coalescence, as shown in Fig. 25c. Generally, the ICHAZ-treated samples had the lowest Charpy toughness values. The 
variation in fracture toughness may be due to the fracture events ahead of the crack tip, such as voids, cracks, and inclusions. 
Microcracks, microvoids, and decohesion of the particle/matrix interface within the crack processing zone may have affected 
the fracture mode during testing.   
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Fig. 24. SEM-BSE fractography image: a) PWHT, b) r-PWHT for P92-B steel. 
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Fig. 25. SEM-BSE fractography image a) as-simulated, b) PWHT, and c) r-PWHT for P92-B steel. 
 
5. Conclusion  
 
     This study investigated the influence of heat treatment schedule, especially a combination of Normalisation and Tempering 
(N + T) of two P92 steel with chromium and tungsten content variations. From the study, the authors made the following 
observation:   
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1. The Thermo-Calc analysis showed that the carbide dissolution temperature is 888 °C (P92-A) and 911°C (P92-B). 
At ICHAZ and FGHAZ peak temperatures, M23C6 carbides will dissolve, and subsequent heat treatment causes 
precipitation and coarsening of carbides. However, the heating rate raised the dissolution temperature, causing 
carbide coarsening during the physical simulation for the two steels.  

2. As-simulated ICHAZ and FGHAZ for the two steels had untempered martensite and undissolved carbides, which 
started growing. After heat treatment, the weld joints (HAZ) exhibited tempered martensitic microstructure. The lath 
and grain boundaries had fine and coarse carbides.  

3. As-received samples of the two steels had hardness values of 234.8 ± 1.4 HV0.5 (P92-A) and 231.4 ± 2.5 HV0.5 (P92-
B). In the as-simulated condition, the hardness values for the two steels were 254 ± 7 HV0.5 (P92-A) and 341.9 ±5.6 
HV0.5 P92-B for ICHAZ and 386.9 ± 17.5 HV0.5 (P92-A) and 381.3 ± 4.6 HV0.5 (P92-B) for FGHAZ. After the 
FGHAZ simulation, the hardness of the two steels were quite similar. Generally, P92-B had the highest hardness 
values after heat treatment except at FGHAZ + PWHT condition, which had a lower hardness value (271.9 ± 5.0 
HV0.5). This condition (FGHAZ + PWHT) for P92-B also had the highest Charpy impact toughness value (180J), 
higher than as received base metal. This result indicates that P92-B steel had a fully martensite microstructure. 

4. As-received samples of P92-A had Charpy toughness of 130J, while P92-B had 178J. As simulated conditions 
(ICHAZ and FGHAZ), the two steels had Charpy toughness ranging between 112-158J. ICHAZ for P92-A steel had 
higher toughness (158J) than the as-received metal (130J). After heat treatment, ICHAZ + PWHT, the Charpy 
toughness values were 145J (P92-A) and 83J (P92-B). The improved toughness for P92-A was due to tempered 
martensite microstructure formation and a high area fraction of precipitates. The microstructure exhibited solid 
solution strengthening. FGHAZ + PWHT, the Charpy toughness were 175J (P92-A) and 180J (P92-B). These values 
were higher than those of the parent metals. The higher toughness value may be due to over-tempering of the 
martensite and precipitate coarsening in two steels.  

5. After ICHAZ + r-PWHT, P92-A had a higher toughness value 154J compared to 74J for P92-B. P92-B had the lowest 
toughness values in all heat treatment conditions (PWHT and r-PWHT). The lower toughness values were due to 
new and brittle martensite, which formed due to higher carbon content in the matrix. FGHAZ + r-PWHT, P92-A 
steel had higher toughness values of 154J than the parent metal (130J). P92-B steel had a toughness value of 107J, 
lower than the parent metal (178J). However, in all the test conditions, the Charpy toughness results were higher than 
the recommended 47J of the weld joint required for hydro-testing of the vessels. 

6. Generally, no marked results were observed in the two steel regardless of the variation in chromium and tungsten 
content. This heat treatment method is applicable in the industry for Type IV crack mitigation of the weld joint.  
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